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Source: Derived from Gauderman et al. (2004).  

Figure 3.4-3. Proportion of 18-year olds with a FEV1 below 80% of the predicted value plotted against the 
average levels of pollutants from 1994 through 2000 in the 12 southern California 
communities of the Children’s Health Study.  
AL=Alpine; AT=Atascadero; LA=Lake Arrowhead; LB=Long Beach; LE=Lake Elsinore; LM=Lompoc; LN=Lancaster; 
ML=Mira Loma; RV=Riverside; SD=San Dimas; SM=Santa Maria; UP=Upland 
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Source: Derived from Rojas-Martinez et al. (2007a,b). 

Figure 3.4-4. Estimated annual growth in FEV1, of O3, PM10, and NO2 in girls and boys. Mexico City, 1996 to 
1999 (multipollutant models). Adjusted for age, body mass index, height, height by age, 
weekday time spent in outdoor activities, environmental tobacco smoke exposure, pervious-
day mean air pollutant concentration, and study phase of every six months.  

More recently, Gauderman et al. (2007) has reported results of an 8-year follow-up on 3,677 
children who participated in the CHS. Children living <500 m from a freeway (n=440) had significant 
deficits in lung function growth over the 8-year follow-up compared to children who lived at least 1500 m 
from a freeway. The difference in FVC was -63 mL (-131 to 5); the difference in FEV1 -81 mL (-143 to 
-18); and the difference in MMEF -127 mL/s (-243 to -11). This study did not attempt to measure specific 
pollutants near freeways or to estimate exposure to specific pollutants for study subjects. Thus, while the 
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study presented important findings with respect to traffic pollution and respiratory health in children, it 
did not provide evidence that NO2 was responsible for these deficits in lung function growth. 

Further evaluation of exposure estimation was done in this cohort of schoolchildren (Molitor et al., 
2007). Several models of interurban air pollution exposure were used to classify and predict FVC in an 
integrated Bayesian modeling framework using three interurban predictors: distance to a freeway, traffic 
density, and predicted average NO2 exposure from the California line source dispersion (CALINE4) 
model. Results indicated that the inclusion of residual spatial terms can reduce uncertainty in the 
prediction of exposures and associated health effects. 

In Mexico City, Rojas-Martinez et al. (2007a,b) evaluated the association between long-term 
exposure to PM10, O3, and NO2 and lung function growth in a cohort of 3,170 children aged 8 years at 
baseline in 31 schools from April 1996 through May 1999. Ten air-quality monitoring stations within 
2 km of the schools provided exposure data. cthe results for FEV1, by gender and pollutant with 
adjustments noted for copollutants. The results of this 3-year study supported the hypothesis that long-
term exposure to ambient air pollutants is associated with deficit in lung function growth in children. The 
results were, in part, consistent with previous results from the CHS. Similar to the CHS, the high 
correlation among the three pollutants studied did not allow independent effects to be accurately 
estimated in this long-term exposure study. 

Another cohort study in Oslo, Norway, examined short- and long-term NO2 and other pollutant 
exposure effects on lung function (PEF, forced expiratory flow at 25% of forced vital capacity [FEF25], 
forced expiratory flow at 50% of forced vital capacity [FEF50]) in 2,307 nine- and ten-year-old children 
(Oftedal et al., 2008). The EPISODE dispersion model (Slordal et al., 2003) was used for the exposure 
estimate and evaluation concluded that the modeled NO2 and PM levels represent the long- and short-term 
exposure reasonably well. An incremental change equal to the IQR of lifetime exposure to NO2, PM10, 
and PM2.5 was associated with changes in adjusted peak flow of -79 mL/s (95% CI: -128,-31), -66 mL/s 
(95% CI: -110, -23), and -58 mL/s (95% CI: -94, -21), respectively. Examining short- and long-term NO2 
exposures simultaneously yielded only the long-term effects. Adjusting for a contextual socioeconomic 
factor diminished the association. The association between long-term exposure to NO2 and decreased PEF 
was comparable to that found in the CHS, but associations with forced volumes were considerably 
weaker. 

In another European study, Moseler et al. (1994) measured NO2 outside the homes of 467 children, 
including 106 who had physician-diagnosed asthma, in Freiburg, Germany. Five of six lung function 
parameters were reduced among asthmatic children exposed to NO2 at concentrations of >21 ppb. No 
significant reductions in lung function were detected among children without asthma.  

To examine the effect of lifetime exposure to air pollutants in young adults, lung function in 
students attending the University of California (Berkeley) who had been lifelong residents of the Los 
Angeles or San Francisco areas was assessed (Tager et al, 2005). Using geocoded address histories, a 
lifetime exposure to air pollution was constructed for each student. Increasing lifetime exposure to NO2 
was associated with decreased FEF75 and FEF25-75. In models including O3 and PM10 as well as NO2, the 
effect of NO2 diminished significantly while the O3 effect remained robust. 

The SAPALDIA (Study of Air Pollution and Lung Diseases in Adults) study (Ackermann-Liebrich 
et al., 1997) compared 9,651 adults (age 18 to 60) in eight different regions in Switzerland. Significant 
associations of NO2, SO2, and PM10 with FEV1 and FVC were found with a 10-µg/m3 (5.2 ppb) increase 
in annual average exposure. Due to the high correlations between NO2 and the other pollutants (SO2: 
r=0.86; PM10: r=0.91), it was difficult to assess the effect of a specific pollutant. A random subsample of 
560 adults from SAPALDIA recorded personal measurements of NO2 and measurements of NO2 outside 
their homes (Schindler et al., 1998). Using the personal and home measurements of NO2, similar 
associations were reported between NO2 with FEV1 and FVC. Downs et al. (2007) reported the 
relationship in this group of long-term reduced exposure to PM10 and age-related decline in lung function, 
but they did not examine NO2 or other pollutants. 
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Goss et al. (2004) examined the relationship of ambient pollutants on individuals with cystic 
fibrosis using the Cystic Fibrosis Foundation National Patient Registry in 1999 and 2000. Exposure was 
assessed by linking air pollution values from the Aerometric Information Retrieval System with the 
patient’s home ZIP code. Associations were reported between PM and exacerbations or lung function 
changes, but no clear associations were found for O3, SO2, NO2, or CO. The odds of patients with cystic 
fibrosis having two or more pulmonary exacerbations per 10-ppb NO2 was 0.98 (95% CI: 0.91, 1.01) for 
the year 2000.  

A number of epidemiologic studies examined the effects of long-term exposure to NO2 and 
observed associations with decrements in lung function and partially irreversible decrements in lung 
function growth. Decreases in FEV1 ranged from 1 to 17.5 per 20 ppb increase in annual NO2 
concentration. Results from the Southern California Children’s Health Study indicated that decrements 
were similar for boys compared to girls, and among children who did not have a history of asthma 
(Gauderman et al., 2004). The mean NO2 concentrations in these studies range from 21.5 to 34.6 ppb; 
thus, all have been conducted in areas where mean NO2 levels are below the level of the NAAQS. The 
epidemiologic studies of long-term exposure to NO2, however, may be confounded by other ambient 
copollutants. In particular, similar associations have also been found for PM and proximity to traffic 
(<500 m). The results of the CHS study support an association between decreased lung function growth 
and a mixture of traffic-related pollutants, but as observed by the authors, it is difficult to distinguish 
effects for NO2 and other individual pollutants within these mixtures (Gauderman et al., 2004). 

3.4.2. Asthma Prevalence and Incidence 
Several publications from the CHS in southern California reported results on the associations of 

NO2 exposure with asthma prevalence and incidence. Gauderman et al. (2005) conducted a study of 
children randomly selected from the CHS with exposure measured at children’s homes. Although only 
208 were enrolled, exposure to NO2 was strongly associated with both lifetime history of asthma and 
asthma medications use. Gauderman et al. (2005) measured ambient NO2 with Palmes tubes attached to 
the subjects’ homes at the roofline eaves, signposts, or rain gutters at an approximate height of 2 m above 
the ground. Samplers were deployed for 2-week periods in both summer and fall. Traffic-related 
pollutants were characterized by three metrics: (1) proximity of home to freeway, (2) average number of 
vehicles within 150 meters, and (3) model-based estimates. Yearly average NO2 levels within the 
10 communities ranged from 12.9 to 51.5 ppb. The average NO2 concentration measured at home was 
associated with asthma prevalence (OR=8.33 [95% CI: 1.15, 59.87] per 20-ppb increase) with similar 
results by season and when taking into account several potential confounders. In each community studied, 
NO2 was more strongly correlated with estimates of freeway-related pollution than with non-freeway-
related pollution. In a related CHS study, McConnell et al. (2006) studied the relationship of proximity to 
major roads and asthma and also found a positive relationship.  

Islam et al. (2007) studied whether lung function is associated with new onset asthma and whether 
this relationship varies by exposure to ambient air pollutants by examining a cohort of 2,057 fourth-grade 
children who were asthma- and wheeze-free at the start of the CHS and following them for 8 years. A 
hierarchal model was used to evaluate the effect of individual air pollutants (NO2, PM10, PM2.5, and acid 
vapor, NO2, EC, and OC) on the association of lung function with asthma. This study showed that better 
airflow, characterized by higher FEF25-75 and FEV1 during childhood was associated with decreased risk 
of new-onset asthma during adolescence. However, exposure to high levels of ambient pollutants (NO2 
and others) attenuated this protective association of lung function on asthma occurrence. 

Millstein et al. (2004) studied the effects of ambient air pollutants on asthma medication use and 
wheezing among 2,034 fourth-grade schoolchildren from the CHS. Included in the pollutants examined 
were NO2 and HNO3. They observed that monthly average pollutant levels produced primarily by 
photochemistry (i.e., HNO3, acetic acid), but not NO2, were indicative of a positive association with 
asthma medication use among children with asthma—especially among children who spent more than the 
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calculated median time outdoors. The March-August OR for HNO3 (IQR 1.64 ppb) was 1.62 (95% CI: 
0.94, 2.80) and for NO2 (IQR 5.74 ppb), 0.96 (95% CI: 0.68, 1.37).  

Kim et al. (2004a) reported associations with both NO2 and NOX for girls in the San Francisco bay 
area. They studied 1,109 students (grades 3 to 5) at 10 school sites for bronchitis symptoms and asthma in 
relation to ambient pollutant levels to include NO, NO2, and NOX measured at the school site. Mean 
levels ranged for schools from 33 to 69 ppb for NOX; 19 to 31 for NO2; and 11 to 38 ppb for NO. NOX 
and NO2 measurements at school sites away from traffic were similar to levels measured at the regional 
site. They found associations between traffic-related pollutants and asthma and bronchitis symptoms, 
which was consistent with previous reports of traffic and respiratory outcomes. The higher effect 
estimates with black carbon, NOX, and NO compared with NO2 and PM2.5 indicated that primary or fresh 
traffic emissions may play an etiologic role in these relationships and that, while NOX and NO may serve 
as indicators of traffic exposures, they also may act as etiologic agents themselves.  

Brauer et al. (2007) assessed the development of asthmatic/allergic symptoms and respiratory 
infections during the first 4 years of life in a birth cohort study in the Netherlands (n=4,000, but the 
number of participants decreased over the study to ~3,500). Air pollution concentrations at the home 
address at birth were calculated by a validated model combining air pollution measurements with a 
Geographic Information System (GIS). Wheeze, physician-diagnosed asthma, and flu and serious colds 
were associated with air pollutants (considered traffic-related: NO2, PM2.5, soot) after adjusting for other 
potential confounding variables; for example, NO2 was associated with physician-diagnosed asthma 
(OR=1.28 [95% CI: 1.04, 1.56]) as a cumulative lifetime indicator. In comments to this study, Jerrett 
(2007) observed that the effects were larger and more consistent than in participants of the same study at 
age 2 and that these effects showed that onset and persistence of respiratory disease formation begins at 
an early age and continues. He further noted that the more sophisticated method for exposure assessment 
based on spatially and temporally representative field measurements and land use regression was capable 
of capturing small area variations in traffic pollutants.  

Other studies (see Annex Table AX6.3-16) also have investigated asthma prevalence and incidence 
in children associated with NO2 exposure. Although several of these studies have reported positive 
associations, the large number of comparisons made and the limited number of positive results do not 
support a strong relationship between long-term NO2 exposure and asthma. Several studies used the 
International Study of Asthma and Allergies in Children (ISAAC) protocol. Children were interviewed in 
school and results of the questionnaire were compared with air pollution measurements in their 
communities. These studies included thousands of children in several European countries and Taiwan, 
and the results in all but one study were nonsignificant. Exposure in these studies varied, but medians 
were often greater than 20 ppb. Most of the studies did not report correlations of NO2 exposure with other 
air pollutants; therefore, it is not possible to determine whether some of these associations were related to 
other air contaminants.  

Overall, results from the available epidemiologic evidence investigating the association between 
long-term exposure to NO2 and increases in asthma prevalence and incidence are inconsistent. Two major 
cohort studies, the Children’s Health Study in southern California (Gauderman et al., 2005) and a birth 
cohort study in the Netherlands (Brauer et al., 2007) observed significant associations; however, several 
other studies did not find consistent associations between long-term NO2 exposure and asthma outcomes. 

3.4.3. Respiratory Symptoms 
Annex Table AX6.3-17 lists studies examining the association between long-term exposure to NO2 

and respiratory symptoms. Most of the studies reported some positive associations with NO2 exposure 
and symptoms, but all reported a large number of negative results. Only one of these studies (Peters et al., 
1999b) reported an association of NO2 exposure with wheeze, and in boys. This was despite the fact that 
wheeze was investigated in a large number of studies, including several studies that included thousands of 
children. 
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McConnell et al. (2003) studied the relationship between bronchitis symptoms and air pollutants in 
the CHS. Symptoms assessed yearly by questionnaire from 1996 to 1999 were associated with the yearly 
variability for the pollutants for NO2 (OR=1.071 [95% CI: 1.02, 1.13). In two-pollutant models, the 
effects of yearly variation in NO2 were only modestly reduced by adjusting for other pollutants except for 
the model containing both OC and NO2 (Figure 3.4-5). McConnell et al. (2006) further evaluated whether 
the association of exposure to air pollution with annual prevalence of chronic cough, phlegm production, 
or bronchitis was modified by dog or cat ownership indicators or allergen and endotoxin exposure. 
Subjects consisted of 475 children from the CHS. Among children owning a dog, there was a strong 
association between bronchitis symptoms and all pollutants studied. The odds ratio for NO2 was 1.49 
(95% CI: 1.14, 1.95), indicating that dog ownership may worsen the relationship between air pollution 
and respiratory symptoms in asthmatic children.  

 

Source: McConnell et al. (2003).  

Figure 3.4-5. Odds ratios for within-community bronchitis symptoms associations with NO2, adjusted for 
other pollutants in two-pollutant models for the 12 communities of the Children’s Health 
Study.  

In the Netherlands (Brauer et al., 2002), the same protocol was used to estimate NO2 exposure in a 
birth cohort of 3,730 infants. However, these study subjects lived in many different communities from 
rural areas to large cities in northern, central, and western parts of the Netherlands. Forty sites were 
selected to represent different exposures and measurements were taken as in the Gehring et al. (2002) 
study. In this study, ear, nose, and throat infections (OR=1.16 [95% CI: 1.00, 1.34]) and physician-
diagnosed flu (OR=1.11 [95% CI: 1.00, 1.23]) were marginally significant. The association of NO2 with 
dry cough at night observed in the German study could not be replicated, nor was NO2 associated with 
asthma, wheeze, bronchitis, or eczema.  

In both of these studies, the 40 monitoring sites set up to measure NO2 also measured PM2.5 with 
Harvard Impactors. Estimates of NO2 and PM2.5 were highly correlated in Brauer et al. (r=0.97). The 
correlation was not reported in Gehring et al. (2002); however, the similarity of odds ratios for each 
pollutant showed that the estimated exposures were also highly correlated. Thus, a restricting factor of 
these studies was the inability to distinguish the effects of different pollutants. 
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In a study of 3,946 Munich schoolchildren, Nicolai et al. (2003) assessed traffic exposure using two 
different methods. First, all street segments within 50 m of each child’s home were identified and the 
average daily traffic counts were totaled. Second, a model was constructed based on measurement of NO2 
at 34 sites throughout the city using traffic counts and street characteristics (R2=0.77). The model was 
then used to estimate NO2 exposure at each child’s home address. When traffic counts of ≤ 50m were 
used as an exposure variable, a significant association was found with current asthma (OR=1.79 [95% CI: 
1.05, 3.05]), wheeze (OR=1.66 [95% CI: 1.07, 2.57]), and cough (OR=1.62 [95% CI: 1.16, 2.27]). Similar 
results were found when modeled NO2 exposure was substituted as the exposure variable (current asthma 
OR=1.65 [95% CI: 0.94, 2.90], wheeze OR=1.58 [95% CI: 1.05, 2.48], cough OR=1.60 [95% CI: 1.14, 
2.23]). Asthma, wheeze, and cough were also associated with estimated exposures to soot and benzene 
derived from models, indicating that some component of traffic pollution was increasing risk of 
respiratory conditions in children, but making it difficult to determine whether NO2 was the cause of these 
conditions. 

In summary, epidemiologic studies conducted in both the U.S. and Europe have observed 
inconsistent results regarding an association between long-term exposure to NO2 and respiratory 
symptoms. While some positive associations were noted, a large number of symptom outcomes were 
examined and the results across specific outcomes were inconsistent. 

3.4.4. Respiratory Morphology  
Animal toxicology studies demonstrated morphological changes to the respiratory tract from 

exposure to NO2 that may provide further biological plausibility for the decrements in lung function 
growth observed in epidemiologic studies discussed above. Several investigators have studied the 
temporal progression of early events due to NO2 exposure in the rat (e.g., Freeman et al., 1966, 1968, 
1972; Stephens et al., 1971, 1972; Evans et al., 1972, 1973a,b, 1974, 1975, 1976, 1977; Cabral-Anderson 
et al., 1977; Rombout et al., 1986) and guinea-pig (Sherwin and Carlson, 1973). The results of these 
studies were summarized in the 1993 AQCD. Overall, animal toxicological studies demonstrated that NO2 
exposure resulted in permanent alterations resembling emphysema-like disease, morphological changes in 
the centriacinar region of the lung and in bronchiolar epithelial proliferation, which might provide 
biological plausibility for the observed epidemiologic associations between long-term exposure to NO2 
and respiratory morbidity.  

3.4.5. Summary of Respiratory Effects Related to Long-Term Exposure 
Overall, the epidemiologic and experimental evidence was suggestive but not sufficient to infer a 

causal relationship between long-term NO2 exposure and respiratory morbidity. The available database 
evaluating the relationship between respiratory illness in children associated with long-term exposures to 
NO2 has increased. Three recent studies in large cohorts in three countries have examined this 
relationship. The California-based CHS, examining NO2 exposure in children over an 8-year period, 
demonstrated deficits in lung function growth (Gauderman et al., 2004). This has been observed also in 
Mexico City, Mexico (Rojas-Martinez et al., 2007a,b), and in Oslo, Norway (Oftedal et al., 2008), with 
decrements ranging from 1 to 17.5 ml per 20- ppb increase in annual NO2 concentration. 

Deficit in lung function growth is a known risk factor for chronic respiratory disease and possibly 
for premature mortality in later life stages. Lung growth continues from early development through early 
adulthood, reaches a plateau, and then eventually declines with advancing age. Dockery and Brunekreef 
(1996) hypothesized that the risk for chronic respiratory disease is associated with maximum lung size, 
the length of time the lung size has been at the plateau, and the rate of decline of lung function. Therefore, 
exposures to NO2 and other air pollutants in childhood may reduce maximum lung size by limiting lung 
growth and subsequently increase the risk in adulthood for chronic respiratory disease. 
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Models and/or mechanisms of action for decrements in lung function growth and other respiratory 
effects from long-term exposure to air pollution are not clearly established. Figure 3.4-6 was adapted 
from an earlier model discussed by Gilliland et al. (1999), reflective of efforts of the CHS research. 
Gilliland et al. (1999) proposed that respiratory effects in children from exposure to gaseous and 
particulate air pollutants result from chronically increased oxidative stress, alterations in immune 
regulation, and repeated pathologic inflammatory responses that overcome lung defenses to disrupt the 
normal regulatory and repair processes. Rojas-Martinez et al. (2007a,b) noted that oxidative stress 
resulting from increased exposure to oxidized compounds (O3, NO2, and particle components) has been 
identified as a major feature underlying the toxic effects of air pollutants (Kelly et al., 2003; Saxon and 
Diaz-Sanchez, 2005; Cross et al., 2002). They further noted that the resulting increased expression of 
enhanced proinflammatory cytokines leads to enhanced inflammatory response (Saxon and Diaz-Sanchez, 
2005) and potential chronic lung damage. If this results in permanent loss, it is not clear whether repeated 
versus average exposure is the major factor. Current data and the nonlinear pattern of childhood lung 
function growth (Pérez-Padilla et al., 2003) were noted by Rojas-Martinez et al. (2007a,b) as limitations 
on estimating the impact on lung function attained in early adulthood. 

 

Source: Adapted from Gilliland et al. (1999). 

Figure 3.4-6. Biological pathways of long-term NO2 exposure on morbidity.  
MPO=myeloperoxidase; PUFA=polyunsaturated fatty acids; TNF-α=tumor necrosis factor-alpha. 

Other important biochemical mechanisms examined in animals may provide biological plausibility 
for the chronic effects of NO2 observed in epidemiologic studies. The main biochemical targets of NO2 
exposure appear to be antioxidants, membrane polyunsaturated fatty acids, and thiol groups. Reactions of 
NO2 with these species in the extracellular lining fluid of the lung leads to the formation of nitrite (NO2

-) 
and hydrogen (H+) ions. NO2 effects include changes in oxidant/antioxidant homeostasis and chemical 
alterations of lipids and proteins. Lipid peroxidation has been observed at NO2 exposures as low as 
0.04 ppm for 9 months and at exposures of 1.2 ppm for 1 week, indicating lower effect thresholds with 
longer durations of exposure. Other studies showed decreases in formation of key arachidonic acid 
metabolites in AMs following NO2 exposures of 0.5 ppm. NO2 has been shown to increase collagen 
synthesis rates at concentrations as low as 0.5 ppm. This could indicate increased total lung collagen, 
which is associated with pulmonary fibrosis, or increased collagen turnover, which is associated with 
remodeling of lung connective tissue. Morphological effects following chronic NO2 exposures have been 
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identified in animal studies that link to these increases in collagen synthesis and may provide plausibility 
for the deficits in lung function growth described in epidemiologic studies.  

An alternative explanation for the decrease in lung function growth observed in the CHS needs to 
be considered. Since this response was associated with both NO2 and HNO3 exposure, ambient levels of 
NO may also have been involved. Three groups have reported emphysematous changes in animal studies 
following prolonged exposure to NO. In the Mercer study (1995), a decreased number of interstitial cells 
and thinning of the alveolar septa was observed. Other studies in vitro and in animal models have 
demonstrated that NO inhibits protein synthesis and cellular proliferation. Whether NO plays a role in 
maintaining the alveolar interstitial compartment requires further investigation. Furthermore, the 
formation of NO or NO-related species may have occurred following complex reactions of NO2 and 
HNO3 with components of the extracellular lining fluid. The role of NO2

-, H+, NO and other metabolites 
in modulating responses to NO2 and/or HNO3 is unknown.  

In regard to asthma prevalence incidence associated with NO2 long-term exposure, the results are 
inconsistent. In two major cohort studies, the CHS in southern California and a birth cohort study in the 
Netherlands, significant associations were reported; however, several other studies did not find consistent 
associations between long-term NO2 exposure and asthma prevalence.  

3.5. Other Morbidity Effects Related to Long-Term Exposure 
This ISA includes a number of studies published since 1993 characterizing the effect of long-term 

NOX exposure on cancer, CVD, reproductive, and developmental morbidity. These studies form a new 
body of literature that was unavailable in 1993, when the previous AQCD was published. 

3.5.1. Cancer Incidence  
Two studies (see Annex Table AX6.3-18) investigated the relationship between NO2 exposure and 

lung cancer and reported positive associations. Although this ISA concentrated on studies that measured 
exposure to NO2, modeled exposures were considered for cancer studies. This was necessary because the 
relevant exposure period for lung cancer may be 30 years or more.  

Nyberg et al. (2000) reported results of a case control study of 1,043 men age 40 to 75 years with 
lung cancer and 2,364 controls in Stockholm County. They mapped residence addresses to a GIS database 
indicating 4,300 traffic-related line sources and 500 point sources of NO2 exposure. Exposure was 
derived from a model validated by comparison to actual measurements of NO2 at six sites. Exposure to 
NO2 at 10 µg/m3 (5.2 ppb) was associated with an OR of 1.10 (95% CI: 0.97, 1.23) for lung cancer. 
Exposure to the 90th percentile (≥ 29.26 µg/m3 [15.32 ppb]) of NO2 was associated with an OR of 1.44 
(95% CI: 1.05, 1.99).  

Very similar results were reported in a Norwegian study (Nafstad et al., 2003). The study 
population was a cohort of 16,209 men who enrolled in a study of CVD in 1972. The Norwegian cancer 
registry identified 422 incident cases of lung cancer. Exposure data was modeled based on residence, 
estimating exposure for each person in each year from 1974 to 1998. Exposure to 10 µg/m3 (5.2 ppb) of 
NO2 was associated with an OR of 1.08 (95% CI: 1.02, 1.15) for lung cancer; exposure of ≥ 30 µg/m3 
(15.7 ppb) was associated with an OR of 1.36 (95% CI: 1.01, 1.83). However, controlling for SO2 
exposure did appreciably change the effect estimates for NO2.  

What is particularly striking in these two studies is the similarity in the estimate of effect. Despite 
the fact that these two studies were conducted by different investigators, in different countries, using 
different study designs and different methods for modeling exposure, the odds ratios and CI for exposure 
per 10 µg/m3 (5.2 ppb) and above 30 µg/m3 (15.7 ppb) are virtually identical. It is possible that NO2 may 
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be acting as an indicator of traffic-related carcinogens, and thus the observed increased cancer incidence 
may be related to exposure of these carcinogens, such as PAHs. 

3.5.1.1. Animal and In Vitro Carcinogenicity and Genotoxicity Studies 

There is no clear evidence that NO2 or gaseous nitrogen oxides act as a complete carcinogen. No 
studies were found on NO2 using classical carcinogenesis whole-animal bioassays. Of the existing studies 
that evaluated the carcinogenic and cocarcinogenic potential of NO2, results were often unclear or 
conflicting. Witschi (1988) critically reviewed some of the important theoretical issues in interpreting 
these types of studies. NO2 appeared to act as a tumor promoter at the site of contact (i.e., in the 
respiratory tract from inhalation exposure), possibly due to its ability to produce cellular damage and, 
thus, promote regenerative cell proliferation. This hypothesis was supported by observed hyperplasia of 
the lung epithelium from NO2 exposure (see Lung Morphology section, NOX AQCD, EPA, 1993), which 
is a common response to lung injury, and enhancement of endogenous retrovirus expression (Roy-
Burman et al., 1982). However, these findings were considered by EPA (1993) to be inconclusive. 

When studied using in vivo assays, no inductions of recessive lethal mutations were observed in 
Drosophila exposed to NO2 (Inoue et al., 1981; Victorin et al., 1990). NO2 did not increase chromosomal 
aberrations in lymphocytes and spermatocytes or micronuclei in bone marrow cells (Gooch et al., 1977; 
Victorin et al., 1990). No increased stimulation of poly (ADP-ribose) synthetase activity (an indicator of 
DNA repair, and possible DNA damage) was reported in AMs recovered from BAL of rats continuously 
exposed to 1.2 ppm NO2 for 3 days (Bermudez, 2001). 

NO2 has been shown to be positive when tested for genotoxicity in in vitro assays. NO2 is 
mutagenic in bacteria and in plants. In cell cultures, three studies showed chromosomal aberrations, sister 
chromatid exchanges (SCEs), and DNA single-strand breaks. However, a fourth study (Isomura et al., 
1984) concluded that NO, but not NO2, was mutagenic in hamster cells (see Annex Tables AX4.11, 4.12, 
and 4.13).  

3.5.1.2. Toxicological Studies of Coexposure with Known Carcinogens 

Rats were injected with N-bis (2-hydroxy-propyl) nitrosamine (BHPN) and continuously exposed 
to 0.04, 0.4, or 4 ppm NO2 for 17 months. Although the data indicated 5 times as many lung adenomas or 
adenocarcinomas in the rats injected with BHPN and exposed to 4 ppm NO2 (5/40 compared to 1/10), the 
results failed to achieve statistical significance (Ichinose et al., 1991). In a later study, Ichinose and Sagai 
(1992) reported increased lung tumors in rats injected with BHPN, followed the next day by either clean 
air (0%), 0.05 ppm NO2 (8.3%), 0.05 ppm NO2+0.4 ppm O3 (13.9%), or 0.4 ppm O3+1 mg/m3 H2SO4 
aerosol (8.3%) for 13 months, and then maintained for another 11 months until study termination. 
Exposure to NO2 was continuous, while the exposures to O3 and H2SO4-aerosol were intermittent 
(exposure for 10 h/day). The increased lung tumors from combined exposure of NO2 and O3 were 
statistically significant.  

Ohyama et al. (1999) coexposed rats to diesel exhaust particle extract-coated carbon black particles 
(DEPcCBP) once a week for 4 weeks by intratracheal instillation and to either 6 ppm NO2, 4 ppm SO2, or 
6 ppm NO2+4 ppm SO2 16 h/day for 8 months, and thereafter exposed to clean air for 8 months. Alveolar 
adenomas were increased in animals exposed to DEPcCBP and either NO2 and/or SO2 compared to 
animals in the DEPcCBP-only group and to controls. The incidences of lung tumors for the NO2, SO2, 
and NO2 and/or SO2 groups were 6/24 (25%), 4/30 (13%), and 3/28 (11%), respectively. No alveolar 
adenomas were observed in animals exposed to DEPcCBP alone or in the controls. Increased alveolar 
hyperplasia was elevated in all groups compared to controls. In addition, DNA adducts, as determined by 
32P postlabelling, were observed in the animals exposed to both DEPcCBP and either NO2 and/or SO2, 
but not in animals exposed to DEPcCBP alone or controls. The authors concluded that the cellular 
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damage induced by NO2 and/or SO2 may have resulted in increased cellular permeability of the 
DEPcCBP particles into the cells. 

3.5.1.3. Studies in Animals with Spontaneously High Tumor Rates 

The frequency and incidence of spontaneously occurring pulmonary adenomas was increased in 
strain A/J mice (with spontaneously high tumor rates) after exposure to 10-ppm NO2 for 6 h/day, 
5 days/week for 6 months (Adkins et al., 1986). These small, but statistically significant, increases were 
only detectable when the control response from nine groups (n=400) were pooled. Exposure to 1 and 
5 ppm NO2 had no effect. In contrast, Richters and Damji (1990) found that an intermittent exposure to 
0.25 ppm NO2 for up to 26 weeks decreased the progression of a spontaneous T cell lymphoma in 
AKR/cum mice and increased survival rates. The investigators attributed this effect to an NO2-induced 
decrease in the proliferation of T lymphocyte subpopulation in the spleen (especially T-helper/inducer 
CD+ lymphocytes) that produces growth factors for the lymphoma. A study by Wagner et al. (1965) 
showed that NO2 may accelerate the production of tumors in CAF1/Jax mice (a strain that has 
spontaneously high pulmonary tumor rates) after continuous exposure to 5 ppm NO2. After 12 months of 
exposure, 7/10 mice in the exposed group had tumors, compared to 4/10 in the controls. No differences in 
tumor production were observed after 14 and 16 months of exposure. A statistical evaluation of the data 
was not presented.  

3.5.1.4. Facilitation of Metastases 

Whether NO2 facilitates metastases has been the subject of several experiments by Richters and 
Kuraitis (1981, 1983), Richters and Richters (1983), and Richters et al. (1985). Mice were exposed to 
several concentrations and durations of NO2 and were injected intravenously with a cultured-derived 
melanoma cell line (B16) after exposure, and subsequent tumors in the lung were counted. Although 
some of the experiments showed an increased number of lung tumors, statistical methods were 
inappropriate. Furthermore, the experimental technique used in these studies probably did not evaluate 
metastases formation, as the term is generally understood, but more correctly, colonization of the lung by 
tumor cells. 

3.5.1.5. Production of N-Nitroso Compounds and other Nitro Derivatives 

Because of evidence that NO2 could produce NO2
- and NO3

- in the blood and the fact that NO2
- is 

known to react with amines to produce animal carcinogens (nitrosamines), the possibility that NO2 could 
produce cancer via nitrosamine formation has been investigated. Iqbal et al. (1980) were the first to 
demonstrate a linear time- and concentration-dependent relationship between the amount of 
N-nitrosomorpholine (NMOR, an animal carcinogen) found in whole-mouse homogenates after the mice 
were gavaged with 2 mg of morpholine (an exogenous amine that is rapidly nitrosated) and exposure to 
15 to 50 ppm NO2 for between 1 and 4 h. In a follow-up study at more environmentally relevant 
exposures, Iqbal et al. (1981) used dimethylamine (DMA), an amine that is slowly nitrosated to 
dimethylnitrosamine (DMN). They reported a concentration-related increase in biosynthesis of DMN at 
NO2 concentrations of as low as 0.1 ppm; however, the rate was significantly greater at concentrations 
above 10 ppm NO2. Increased length of exposure also increased DMN formation between 0.5 and 2 h, but 
synthesis of DMN was less after 3 or 4 h of exposure than after 0.5 h. 

Mirvish et al. (1981) concluded that the results of Iqbal et al. (1980) were technically flawed, but 
they found that in vivo exposure to NO2 could produce a nitrosating agent (NSA) that would nitrosate 
morpholine only when morpholine was added in vitro. Further experiments showed that the NSA was 
localized in the skin (Mirvish et al., 1983) and that mouse skin cholesterol was a likely NSA (Mirvish 
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et al., 1986). It has also been reported that only very lipid-soluble amines, which can penetrate the skin, 
would be available to the NSA. Compounds such as morpholine, which are not lipid-soluble, could only 
react with NO2 when painted directly on the skin (Mirvish et al., 1988). Iqbal (1984), responded to the 
Mirvish et al. (1981) criticisms, verifing their earlier (Iqbal et al., 1980) studies.  

The relative contribution of NO2
- from NO2 compared with other NO2

- sources such as food, 
tobacco, and nitrate-reducing oral bacteria is uncertain. Nitrosamines have not been detected in tissues of 
animals exposed by inhalation to NO2 unless precursors to nitrosamines and/or inhibitors of nitrosamine 
metabolism are coadministered. Rubenchik et al. (1995) could not detect N-nitrosodimethylamine 
(NDMA) in tissues of mice exposed to 7.5- to 8.5-mg/m3 NO2 for 1 h. NDMA was found in tissues, 
however, if mice were simultaneously given oral doses of amidopyrine and 4-methylpyrazole, an inhibitor 
of NDMA metabolism. Nevertheless, the main source of NO2

- in the body is endogenously formed, and 
food is also a contributing source of nitrite (from nitrate conversion).  

3.5.1.6. Summary of Cancer Incidence Related to Long-Term Exposure  

In summary, two epidemiologic studies conducted in Europe showed an association between long-
term NO2 exposure, used as an indicator of traffic exposure, and incidence of cancer (Nyberg et al., 2000; 
Nafstad et al., 2003); however, the animal toxicological studies have provided no clear evidence that NO2 
directly acts as a carcinogen, though it does appear to act as a tumor promoter at the site of contact 
(Section 3.5.1). There are no in vivo studies that support that NO2 causes teratogenesis or malignant 
tumors. Only very high exposure studies, i.e., levels not relevant to ambient NO2 levels, demonstrated 
increased chromosomal aberrations and mutations in in vitro studies. A more likely pathway for NO2 
involvement in cancer induction is through secondary formation of nitro-PAHs, as nitro-PAHs are known 
to be more mutagenic than their parent compounds. The evidence for a causal relationship between NO2 
and increased cancer risk is inadequate to infer the presence or absence of a causal relationship at this 
time. 

The information presented in this section is relevant to potential mechanisms by which exposure to 
products formed by reaction of gaseous nitrogen oxides with organic compounds can be carcinogenic. As 
discussed previously in Section 2.2, nitro-PAHs and other nitrated organic compounds can be produced 
through reactions of NO2 or NO with organic compounds in the atmosphere. Nitro-PAHs are largely 
found on particles, and they can also be including in direct emissions of particles, such as diesel exhaust 
particles. Effects of particulate nitrogen compounds have been considered in previous reviews of the PM 
NAAQS. In addition, it is possible that the products of NO2 (NO2

- and NO3
-) could produce carcinogens 

(e.g., N-nitrosomorpholine) through exposure from an environmentally occurring precursor compound 
(e.g., morpholine) within the body. The studies demonstrated that this is a possible mechanism; however, 
it should be pointed out that (1) that these studies used only a single precursor compound whereas humans 
would be exposed to multiple precursor compounds thus producing an array of nitrosamines and other 
nitrated compounds, (2) the level of nitrosamines per se produced in this fashion would be small 
compared to the nitrosamines that come from cigarette smoke, smoked meats, and other food sources and 
from the atmospheric transformation of products in the ambient air, and (3) a wide array of nitrated 
products are produced in the ambient air with a number of these products known to be carcinogens and/or 
mutagens. 

Cardiovascular Effects  
One epidemiologic study examined the association of cardiovascular effects with long-term 

exposure to NO2. Miller et al. (2007) studied 65,893 postmenopausal women between the ages of 50 and 
79 years without previous CVD in 36 U.S. metropolitan areas from 1994 to 1998. They examined the 
association between one or more fatal or nonfatal cardiovascular events and the women’s exposure to air 
pollutants. Subject’s exposures to air pollution were estimated by assigning the annual mean levels of air 
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pollutants in 2000 measured at the monitor nearest the residence based on its five-digit ZIP Code 
centroid, which resulted in a more spatially resolved exposure estimate. A total of 1,816 women had one 
or more fatal or nonfatal cardiovascular events, including 261 deaths from cardiovascular causes. The 
main focus of the study was PM2.5, but the overall CVD events (but not results for death events only) 
using all the copollutants (PM10, PM10-2.5, SO2, NO2, CO, and O3) in both single- and multipollutant 
models were presented. The results for the models only including subjects with non-missing exposure 
data (n=28,402 subjects resulting in 879 CVD events) are described here. In the single-pollutant model 
results, PM2.5 showed the strongest associations with the CVD events by far among the pollutants, 
followed by SO2. NO2 did not show any association with the overall CVD events (heart rate [HR]=0.98 
[95% CI: 0.89, 1.08] per 10-ppb increase in the annual average). In the multipollutant model, which 
included all the pollutants, the association of PM2.5 and SO2 with overall CVD events became even 
stronger. NO2 became negatively associated with the overall CVD events (HR=0.82 [95% CI: 0.70, 
0.95]). Correlations among these pollutants were not described; therefore, it was not possible to estimate 
the extent of confounding among these pollutants in these associations, but it is clear that PM2.5 was the 
best predictor of the CVD events. 

Limited toxicology data exist on the effect of NO2 on the heart. Alterations in vagal responses have 
been shown to occur in rats exposed to 10 ppm NO2 for 24 h; however, exposure to 0.4 ppm NO2 for 
4 weeks revealed no change (Tsubone and Suzuki, 1984). NO2-induced effects on cardiac performance 
were indicated by a significant reduction in the pressure of oxygen in arterial blood (PaO2) in rats exposed 
to 4.0 ppm NO2 for 3 months. When exposure was decreased to 0.4-ppm NO2 over the same exposure 
period, PaO2 was not affected (Suzuki et al., 1981). In addition, a reduction in HR has been reported in 
mice exposed to both 1.2 and 4.0 ppm NO2 for 1 month (Suzuki et al., 1984). Whether these effects were 
the direct result of NO2 exposure or secondary responses to lung edema and changes in blood hemoglobin 
content was not known (U.S. Environmental Protection Agency, 1993). A more recent study (Takano 
et al., 2004) using an obese rat strain found changes in blood triglycerides, HDL, and HDL/total 
cholesterol ratios in response to a 24-week exposure of 0.16 ppm NO2.No effects on hematocrit and 
hemoglobin have been reported in squirrel monkeys exposed to 1.0 ppm NO2 for 16 months (Fenters 
et al., 1973) or in dogs exposed to ≤ 5.0 ppm NO2 for 18 months (Wagner et al., 1965). There were, 
however, polycythemia and an increased ratio of PMNs to lymphocytes in rats exposed to 2.0 and 
1.0 ppm NO2 for 14 months (Furiosi et al., 1973).  

The few available epidemiologic and toxicological evidence did not support that long-term 
exposure to NO2 has cardiovascular effects. The U.S. Women’s Health Initiative study (Miller et al., 
2007) did not find any associations between long-term NO2 exposure and cardiovascular events. The 
toxicological studies observed some effects of NO2 on cardiac performance and heart rate, but only at 
exposure levels of as high as 4 ppm. Overall, these data are inadequate to infer the presence or absence of 
a causal relationship. 

3.5.2. Reproductive and Developmental Effects  
The effects of maternal exposure during pregnancy to air pollution have been examined by several 

investigators in recent years (2000 through 2006). These outcomes were not evaluated in the 1993 
AQCD. The most common endpoints studied were low birth weight, preterm delivery, and measures of 
intrauterine growth (e.g., small for gestational age). Generally, these studies used routinely collected air 
pollution data and birth certificates from a given area for their analysis.  

While most studies analyzed average NO2 exposure for the whole pregnancy, many also considered 
exposure during specific trimesters or other time periods. Fetal growth, for example, is much more 
variable during the third trimester. Thus, studies of fetal growth might anticipate that exposure during the 
third trimester would have the greatest likelihood of an association, as is true for the effect of maternal 
smoking during pregnancy. However, growth can also be affected through placentation, which occurs in 
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the first trimester. Similarly, preterm delivery might be expected to be related to exposure early in 
pregnancy affecting placentation, or through acute effects occurring just before delivery. 

Of three studies conducted in the U.S., one (Bell et al., 2007) reported a significant decrease in 
birthweight associated with exposure to NO2 among mothers in Connecticut and Massachusetts. The two 
studies conducted in California did not find associations between NO2 exposure and any adverse birth 
outcome (Ritz et al., 2000; Salam et al., 2005). Differences in these studies that may have contributed to 
the differences in results included the following: sample size, exposure assessment methods, average NO2 
concentration, and different pollution mixtures. The results reported by Bell et al. (2007) had the largest 
sample size and, therefore, greater power to assess small increases in risk. The two California studies 
reported higher mean concentrations of NO, but also strong correlations of NO2 exposure with PM mass 
and CO. 

Annex Table AX6.3-12 lists seven studies that investigated the relationship of ambient NO2 
exposure with birth weight. Since low birth weight may result from either inadequate growth in utero or 
delivery before the usual 40 weeks of gestation, three of the authors only considered low birth weight 
(<2500 g [5 lbs, 8 oz]) in full-term deliveries (>37 weeks); the other four controlled for gestational age in 
the analysis. When correlations with other pollutants were reported in these studies, they ranged from 0.5 
to 0.8. All of these studies reported strong effects for other pollutants. 

Lee et al. (2003) reported a significant association between NO2 and low birth weight, and the 
association was only for exposure in the second trimester. It is difficult to hypothesize any biological 
mechanism relating NO2 exposure and fetal growth specifically in the second trimester. Bell et al. (2007) 
reported an increased risk of low birth weight with NO2 exposure averaged over pregnancy (OR=1.027 
[95% CI: 1.002, 1.051]) and a deficit in birthweight specific to the first trimester. In addition, the deficit 
in birthweight appeared to be greater among black mothers (-12.7 g per IQR increase in NO2 [95% CI: 
-18.0, -7.5]) than for white mothers (-8.3 g per IQR increase in NO2 [95% CI: -10.4, -6.3]). 

Six studies investigated NO2 exposure related to preterm delivery (Annex Table AX6.3-13). Three 
reported positive associations (Bobak, 2000; Maroziene and Grazuleviciene, 2002; Leem et al., 2006) and 
three reported no association (Liu et al., 2003; Ritz et al., 2000; Hansen et al., 2006). Among the studies 
reporting an association, two (Bobak, 2000; Leem et al., 2006) reported significant associations for both 
the first trimester and the third trimester of pregnancy. The third (Maroziene and Grazuleviciene, 2002) 
reported significant increases in risk for exposure in the first trimester and averaged over all of pregnancy. 
In two (Bobak, 2000; Leem et al., 2006) of the positive studies, NO2 exposure was correlated with SO2 
exposure (r=0.54, 0.61 for the two studies); the third study did not report correlations. 

Three studies (see Annex Table AX6.3-14) specifically investigated fetal growth by comparing 
birth weight for gestational age with national standards. Two of these studies reported associations 
between small for gestational age and NO2 exposure. Mannes et al. (2005) determined increased risk for 
exposure in trimesters 2 and 3, while Liu et al. (2003) reported risks associated only with NO2 exposure 
in the first month of pregnancy. In all three studies, NO2 exposure was correlated with CO exposure 
(r=0.69, 0.57, 0.72 in the three studies) (Salam et al., 2005; Mannes et al., 2004; Liu et al., 2003). 

Two additional epidemiologic studies found that NO2 concentrations were associated with 
hospitalization for respiratory disease in the neonatal period (Dales et al., 2006) and sudden infant death 
syndrome (SIDS) (Dales et al, 2004). 

Only a few studies have investigated the effects of NO2 on reproduction and development 
toxicology. Exposure to 1 ppm NO2 for 7 h/day, 5 days/week for 21 days resulted in no alterations in 
spermatogenesis, germinal cells, or interstitial cells of the testes of 6 rats (Kripke and Sherwin, 1984). 
Similarly, breeding studies by Shalamberidze and Tsereteli (1971) found that long-term NO2 exposure 
had no effect on fertility. However, there was a statistically significant decrease in litter size and neonatal 
weight when male and female rats exposed to 1.3 ppm NO2, 12 h/day for 3 months were bred. In utero 
death due to NO2 exposure resulted in smaller litter sizes, but no direct teratogenic effects were observed 
in the offspring. In fact, after several weeks, NO2-exposed litters approached weights similar to those of 
controls. 
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Following inhalation exposure of pregnant Wistar rats to 0.5 and 5.3 ppm NO2 for 6 h/day 
throughout gestation (21 days), maternal toxic effects and developmental disturbances in the progeny 
were reported (Tabacova et al., 1985; Balabaeva and Tabacova, 1985; Tabacova and Balabaeva, 1988). 
Maternal weight gain during gestation was significantly reduced at 5.3 ppm, with findings of pathological 
changes, e.g., desquamative bronchitis and bronchiolitis in the lung, mild parenchymal dystrophy and 
reduction of glycogen in the liver, and blood stasis and inflammatory reaction in the placenta. At gross 
examination, the placentas of the high-dose dams were smaller in size than those of control rats. A 
marked increase of lipid peroxides was found in maternal lungs and particularly in the placenta at both 
exposure levels by the end of gestation (Balabaeva and Tabacova, 1985). Disturbances in the prenatal 
development of the progeny were reported, such as 2- to 4-fold increase in late post-implantation lethality 
at 0.5 and 5.3 ppm, respectively, as well as reduced fetal weight at term and stunted growth at 5.3 ppm. 
These effects were significantly related to the content of lipid peroxides in the placenta, which was 
indicative of a pathogenetic role of placental damage. Teratogenic effects were not observed, but dose-
dependent morphological signs of embryotoxicity and retarded intrauterine development, such as 
generalized edema, subcutaneous hematoma, retarded ossification, and skeletal aberrations, were found at 
both exposure levels. 

In a developmental neurotoxicity study, Wistar rats were exposed by inhalation to 0, 0.025, 0.05, 
0.5, or 5.3-ppm NO2 during gestational days 0 through 21. Maternal toxicity was not reported. Viability 
and physical development (i.e., incisor eruption and eye opening) were significantly affected only in the 
high dose group. There was a concentration-dependent change in neurobehavioral endpoints such as 
disturbances in early neuromotor development, including coordination deficits, retarded locomotor 
development, and decreased activity and reactivity. Statistical significance was observed in some or all of 
the developmental endpoints at the time point(s) measured in the 0.05, 0.5, and 5.3 ppm exposure groups.  

Di Giovanni et al. (1994) investigated whether in utero exposure of rats to NO2 changed ultrasonic 
vocalization, a behavioral response indicator of the development of emotionality. Pregnant Wistar female 
rats were exposed by inhalation to 0, 1.5, and 3 ppm NO2 from day 0 to 20 of gestation. Dam weight gain, 
pregnancy length, litter size at birth, number of dams giving birth, and postnatal mortality were 
unaffected by NO2. There was a significant decrease in the duration of ultrasonic signals elicited by the 
removal of the pups from the nest in the 10-day and 15-day-old male pups in the 3 ppm NO2 group. No 
other parameters of offspring ultrasonic emission, or of motor activity, were significantly affected. Since 
prenatal exposure to NO2 did not significantly influence the rate of calling, the authors concluded that the 
decrease in the duration of ultrasounds did not necessarily indicate altered emotionality, and the 
biological application of these findings remains to be determined.  

3.5.2.1. Summary of Reproductive and Developmental Effects Related to Long-Term 
Exposure 

In summary, the epidemiologic evidence did not consistently report associations between NO2 
exposure and intrauterine growth retardation; however, some evidence is accumulating for effects on 
preterm delivery. Similarly, scant animal evidence supported a weak association between NO2 exposure 
and adverse birth outcomes and provided little mechanistic information or biological plausibility for an 
association between long-term NO2 exposure and reproductive or developmental effects. 

3.5.3. Summary of Other Morbidity Effects Related to Long-Term 
Exposure 

Epidemiologic and toxicological studies evaluating limited evidence of cancer incidence, 
cardiovascular effects, and reproductive and developmental effects linked to long-term NO2 exposure 
were presented. The epidemiologic studies report some associations between long-term NO2 exposure on 
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adverse birth outcomes and cancer incidence; however, NO2 is specifically used as an indicator of traffic 
exposure in the studies of cancer incidence. Animal studies did not provide mechanistic information to 
support these observational findings. Some toxicological studies demonstrated an effect of NO2 exposure 
on cardiovascular endpoints. However, whether these effects are the direct result of NO2 exposure or 
secondary responses to lung edema and changes in blood hemoglobin content are not known. Similar 
findings were reported in the epidemiologic literature for short-term exposures only. Thus, while some 
individual associations may be reported for these effects, the findings are inconsistent and there is no 
evidence supporting coherence or plausibility in the data. Overall, these data are inadequate to infer the 
presence or absence of a causal relationship. 

3.6. Mortality Related to Long-Term Exposure 
No studies of mortality associated with long-term NO2 exposure were evaluated in the 1993 AQCD. 

More recently, there have been several studies that examined mortality associations with long-term 
exposure to air pollution, including NO2, using Cox proportional hazards regression models with 
adjustment for potential confounders. The U.S. studies tended to focus on effects of PM, while the 
European studies tended to investigate the influence of traffic-related air pollution.  

3.6.1. U.S. Studies on Mortality Related to Long-Term Exposure  
Dockery et al. (1993) conducted a prospective cohort study to examine the effects of air pollution, 

focusing on PM components, in six U.S. cities, which were chosen based on the levels of air pollution 
(with Portage, WI being the least polluted and Steubenville, OH, the most polluted). In this study, a 14-to-
16-year mortality follow-up of 8,111 adults in the six cities was conducted. Fine particles were the 
strongest predictor of mortality; NO2 was not analyzed in this study. Krewski et al. (2000) conducted a 
sensitivity analysis of the Harvard Six Cities study and examined associations between gaseous pollutants 
(i.e., O3, NO2, SO2, CO) and mortality. NO2 showed risk estimates similar to those for PM2.5 per “low to 
high” range increment with total (1.15 [95% CI: 1.04, 1.27] per 10-ppb increase), cardiopulmonary (1.17 
[95% CI: 1.02, 1.34]), and lung cancer (1.09 [95% CI: 0.76, 1.57]) deaths; however, in this dataset NO2 
was highly correlated with PM2.5 (r=0.78), SO4

2– (r=0.78), and SO2 (r=0.84).  
Pope et al. (1995) examined PM effects on mortality using the American Cancer Society (ACS) 

cohort. Air pollution data from 151 U.S. metropolitan areas in 1980 were linked with individual risk 
factors in 552,138 adults who resided in these areas when enrolled in the study in 1982. Mortality was 
followed up until 1989. As with the Harvard Six Cities Study, the main hypothesis of this study was 
focused on fine particles and SO4

2–, and gaseous pollutants were not analyzed. Krewski et al. (2000) 
examined association between gaseous pollutants (means by season) and mortality in the Pope et al. 
(1995) study data set. NO2 showed weak but negative associations with total and cardiopulmonary deaths 
using either seasonal means. An extended study of the ACS cohort doubled the follow-up time (to 1998) 
and tripled the number of deaths compared to the original study (Pope et al., 2002). In addition to PM2.5, 
all the gaseous pollutants were examined. SO2 was associated with all the mortality outcomes (including 
all other cause of deaths), but NO2 showed no associations with the mortality outcomes (RR=1.00 [95% 
CI: 0.98, 1.02] per 10-ppb increase in multiyear average NO2). 

Lipfert et al. (2000a) conducted an analysis of a national cohort of ~70,000 male U.S. military 
veterans who were diagnosed as hypertensive in the mid 1970s and were followed up for about 21 years 
(up to 1996). This cohort was 35% black and 81% had been smokers at one time. Thus, unlike other 
cohort studies described in this section, this hypertensive cohort with a very high smoking rate is not 
representative of the U.S. population. Total suspended particulates (TSP), PM10, CO, O3, NO2, SO2, SO4

2, 
PM2.5, and PM10-2.5 were considered. The county of residence at the time of entry to the study was used 
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to estimate exposures. Four exposure periods (1960-1974, 1975-1981, 1982-1988, and 1989-1996) were 
defined, and deaths during each of the three most recent exposure periods were considered. Lipfert et al. 
(2000a) noted that the pollution risk estimates were sensitive to the regression model specification, 
exposure periods, and the inclusion of ecological and individual variables. The authors reported that 
indications of concurrent mortality risks were found for NO2 (the estimate was not given with confidence 
bands) and peak O3. Their subsequent analysis (Lipfert et al., 2003) reported that the air pollution-
mortality associations were not sensitive to the adjustment for blood pressure. Lipfert et al. (2006a) also 
examined associations between traffic density and mortality in the same cohort, whose follow-up period 
was extended to 2001. They reported that traffic density was a better predictor of mortality than the 
ambient air pollution variables, with the possible exception of O3. The log-transformed traffic density 
variable was moderately correlated with NO2 (r=0.48) and PM2.5 (r=0.50) in this data set. For the 1989 to 
1996 data period (the period that generally showed the strongest associations with exposure variables 
among the four periods), the estimated mortality relative risk for NO2 was 1.025 (95% CI: 0.983, 1.068) 
per 10-ppb increase in a single-pollutant model. The two-pollutant model with the traffic density variable 
reduced NO2 risk estimates to 0.996 (95% CI: 0.954, 1.040). Interestingly, as the investigators pointed 
out, the risk estimates due to traffic density did not vary appreciably across these four periods. They 
speculated that other environmental factors such as particles from tire, traffic noise, spatial gradients in 
socioeconomic status might have been involved. Lipfert et al. (2006b) further extended analysis of the 
veteran’s cohort data to include one year of the EPA’s Speciation Trends Network (STN) data, which 
collected chemical components of PM2.5. As in the previous Lipfert et al. (2006a) study, traffic density 
was the most important predictor of mortality, but associations were also seen for EC, vanadium, NO3–, 
and nickel. NO2, O3, and PM10 also showed positive but weaker associations. The risk estimate for NO2 
was 1.043 (95% CI: 0.967, 1.125) per 10-ppb increase in a single-pollutant model. Multipollutant model 
results were not presented for NO2 in this updated analysis. The results from the series of studies by 
Lipfert et al. are indicative of a traffic-related air pollution effect on mortality, but the study population 
(hypertensive with very high smoking rate) was not representative of the general U.S. population.  

Abbey et al. (1999) investigated associations between long-term ambient concentrations of PM10, 
O3, NO2, SO2, and CO (1973 to 1992) and mortality (1977 to 1992) in a cohort of 6,338 nonsmoking 
California Seventh-day Adventists. Monthly indices of ambient air pollutant concentrations at 348 
monitoring stations throughout California were interpolated to ZIP code centroids according to home or 
work location histories of study participants, cumulated, and then averaged over time. They reported 
associations between PM10 and total mortality for males and nonmalignant respiratory mortality for both 
sexes. NO2 was not associated with all-cause, cardiopulmonary, or respiratory mortality for either sex. 
Lung cancer mortality showed large risk estimates for most of the pollutants in either or both sexes, but 
the number of lung cancer deaths in this cohort was very small (12 for female and 18 for male); therefore, 
it was difficult to interpret these estimates.  

When comparing the results of the U.S. studies mentioned above, differences in study population 
characteristics and geographic unit of averaging for pollution exposure estimates need to be considered. 
Most of the U.S. studies used a “semi-individual” study design, in which information on health outcomes 
and potential confounders were collected and adjusted for on an individual basis, but community-level air 
pollution exposure estimates were used. It is not clear to what extent exposure error affects these types of 
studies. Unlike regional air pollutants (e.g., SO4

2–, PM2.5) in the eastern U.S. whose levels are generally 
uniform within the scale of the metropolitan area, the within-city variation for more locally-impacted 
pollutants such as NO2, SO2, and CO are likely to be larger and, therefore, are more likely to have larger 
exposure errors in the semi-individual studies. The smaller number of monitors available for NO2 in the 
U.S. may make the relative error worse for NO2 compared to other pollutants. Exposure error in these 
long-term exposure studies likely contributes to the inconsistencies observed across studies. For example, 
the ACS study found no associations with NO2; however, NO2 was among the pollutants that showed 
associations with mortality in the veterans’ study, with traffic density showing the strongest association. 
The geographic resolution of air pollution exposure estimation varied in these studies: MSA-level 
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averaging in the ACS study and county-level averaging in the veterans’ study. Traffic density and other 
pollutants that showed mortality associations in the veterans study, including EC and NO2, were more 
localized pollutants; therefore, using county-level aggregation, rather than MSA-level, may have resulted 
in smaller exposure misclassification.  

3.6.2. European Studies on Mortality Related to Long-Term Exposure 
In contrast to the U.S. studies described above, the European studies described below, have more 

spatially-resolved exposure estimates, because their hypotheses or study designs were evaluating effects 
of related air pollution. Only one study from France (Filleul et al., 2005) used a design similar to the 
Harvard Six Cities study or ACS in that it did not study traffic-related air pollution and the exposure 
estimate was not done on an individual basis.  

Hoek et al. (2002) investigated a random sample of 5,000 subjects from the Netherlands Cohort 
Study on Diet and Cancer (NLCS) ages 55 to 69 from 1986 to 1994. Long-term exposure to traffic-related 
air pollutants (black smoke and NO2) was estimated using 1986 home addresses. Exposure was estimated 
with the measured regional and urban background concentration and an indicator variable for living near 
major roads. Cardiopulmonary mortality was associated with living near a major road (RR=1.95 [95% CI: 
1.09, 3.52]) and less strongly with the estimated air pollution levels (e.g., for NO2, RR=1.32 [95% CI: 
0.88, 1.98] per 10-ppb increase). The risk estimate for living near a major road was 1.41 (95% CI: 0.94, 
2.12) for total mortality. For estimated NO2 (incorporating both background and local impact), the RR 
was 1.15 (95% CI: 0.60, 2.23) per 10-ppb increase). Because the NO2 exposure estimates were modeled, 
interpretation of their risk estimates was not straightforward. However, these results did support that NO2, 
as a marker of traffic-related air pollution, was associated with these mortality outcomes. 

Filleul et al. (2005) investigated long-term effects of air pollution on mortality in 14,284 adults who 
resided in 24 areas from seven French cities when enrolled in the PAARC survey (for air pollution and 
chronic respiratory diseases) in 1974. Models were run before and after exclusion of six area monitors 
influenced by local traffic as determined by the NO/NO2 ratio of >3. Before exclusion of the six areas, 
none of the air pollutants were associated with mortality outcomes. After exclusion of these areas, 
analyses showed associations between total mortality and TSP, black smoke, NO2, and NO. The estimated 
NO2 risks were 1.28 (95% CI: 1.07, 1.55), 1.58 (95% CI: 1.07, 2.33), and 2.12 (95% CI: 1.11, 4.03) per 
10-ppb increase in NO2 mean over the study period for total, cardiopulmonary, and lung cancer mortality, 
respectively. From these results, the authors noted that inclusion of air monitoring data from stations 
directly influenced by local traffic could overestimate the mean population exposure and bias the results. 
This point raised a concern for NO2 exposure estimates used in other studies (e.g., ACS) in which the 
average of available monitors was used to represent the exposure of each city’s entire population.  

Nafstad et al. (2004) investigated the association between mortality and long-term air pollution 
exposure in a cohort of 16,209 Norwegian men followed from 1972/1973 through 1998. PM was not 
considered in this study because measurement methods changed during the study period. NOX, rather than 
NO2, was used. Exposure estimates for NOX and SO2 were constructed using models based on subjects’ 
addresses and emission data for industry, heating, and traffic measured concentrations. Addresses linked 
to 50 of the busiest streets were given an additional exposure based on estimates of annual average daily 
traffic. The adjusted risk estimate for total mortality was 1.16 [95% CI: 1.12, 1.22] for a 10-ppb increase 
in the estimated exposure to NOX. Corresponding mortality risk estimates for respiratory causes other 
than lung cancer was 1.16 (95% CI: 1.06, 1.26); for lung cancer, 1.11 (95% CI: 1.03, 1.19); and for 
ischemic heart diseases, 1.08 (95% CI: 1.03, 1.12). SO2 did not show similar associations. The risk 
estimates presented for categorical levels of these pollutants showed mostly monotonic exposure-response 
relationships for NOX. These results are indicative of the effects of traffic-related air pollution on long-
term mortality, but NOX likely represented the combined effects of that source, possibly including PM, 
which could not be analyzed in this study. A case-control study of 1,043 men aged 40 to 75 with lung 
cancer and 2,364 controls in Stockholm County (Nyberg et al., 2000) reported similar results to this 
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study. They mapped residence addresses to a GIS database indicating 4,300 traffic-related line sources 
and 500 point sources of NO2 exposure. Exposure was derived from a model validated by comparison to 
actual measurements of NO2 at six sites. Exposure to 10 ppb NO2 was associated with an OR of 1.20 
(95% CI: 0.94 1.49). Exposure to the 90th percentile (≥ 29.26 µg/m3 915.5 ppb]) of NO2 was associated 
with an OR of 1.44 (95% CI: 1.05, 1.99). 

Gehring et al. (2006) investigated the relationship between long-term exposure to air pollution 
originating from traffic and industrial sources, and total and cause-specific mortality in a cohort of women 
living in North Rhine-Westphalia, Germany. The area includes the Ruhr region, one of Europe’s largest 
industrial areas. Approximately 4,800 women (age 50 to 59 years) were followed for vital status and 
migration. Exposure to air pollution was estimated by GIS models using the distance to major roads, NO2, 
and PM10 (estimated from 0.71 X TSP, based on available PM10 and TSP data in the area) concentrations 
from air monitoring station data. Cardiopulmonary mortality was associated with living within a 50-m 
radius of a major road (RR=1.70 [95% CI: 1.02, 2.81]) and NO2 (RR=1.72 [95% CI: 1.28, 2.29] per 
10-ppb increase in annual average). Exposure to NO2 was also associated with all-cause mortality (1.21 
[95% CI: 1.03, 1.42] per 10 ppb increase). NO2 was generally more strongly associated with mortality 
than the indicator for living near a major road (within versus beyond a 50-m radius) or PM10. 

Næss et al. (2007) investigated the concentration-response relationships between air pollution (i.e., 
NO2, PM10, PM2.5) and cause-specific mortality using all the inhabitants of Oslo, Norway, aged 51 to 90 
years on January 1, 1992 (n=143,842), with follow-up of deaths from 1992 to 1998. An air dispersion 
model was used to estimate the air pollution levels for 1992 through 1995 in all 470 administrative 
neighborhoods. Correlations among these pollutants were high (range 0.88 to 0.95). All causes of deaths, 
cardiovascular causes, lung cancer, and COPD were associated with all indicators of air pollution for both 
sexes and both age groups. The investigators reported that the effects appeared to increase at NO2 levels 
higher than 40 µg/m3 (21 ppb) in the younger age (51 to 70 years) group and with a linear effect in the 
interval of 20 to 60 µg/m3 (10 to 31 ppb) for the older age group (see Figure 3.6-1). However, they also 
noted that a similar pattern was found for both PM2.5 and PM10. Thus, the apparent threshold effect was 
not unique to NO2. NO2 risk estimates for all-cause mortality were presented only in a figure. The 
findings are generally consistent with those from the Nafstad et al. (2003, 2004) studies, in which a 
smaller number of male-only subjects were analyzed. While NO2 effects were demonstrated, the high 
correlation among the PM indices and NO2 or NOX made it difficult to confidently ascribe these 
associations to NO2/NOX alone. 

Most of the European cohort studies estimated an individual subject’s exposure based on spatial 
modeling using emission and concentration data. These studies may have provided more accurate 
exposure estimates than the community-level air pollution estimates typically used in the U.S. studies. 
However, because they generally involved modeling with such information as traffic volume and other 
emission estimates in addition to monitored concentrations, additional uncertainties may have been 
introduced. Thus, validity and comparability of various methods may need to be examined. In addition, 
because the relationship between the concentration measured at the community monitors and the health 
effects was ultimately of interest in this ISA, interpreting the risk estimates based on individual-level 
exposures will require an additional step to translate the difference. Finally, a more accurate exposure 
estimate does not solve the problem of the surrogate role that NO2 may play. Most of these studies did 
acknowledge this issue and generally treated NO2 as a surrogate marker, but the extent of such surrogacy 
and confounding with other traffic- or combustion-related pollutant was not clear at this point. In the 
Hoek et al. study (2002), the indicator of living near a major road was a better predictor of mortality than 
the estimated NO2 exposures. In the Gehring et al. (2006) study, the estimated NO2 exposure was a better 
predictor of total and cardiopulmonary mortality than the indicator of living near a major road. 
Comparing the results for the indicators of living near a major road and the estimated NO2 or NOX 
exposures is not straightforward, but it is possible that, depending on the presence of other combustion 
sources (e.g., the North Rhine-Westphalia area included highly industrial areas), NO2 may represent more 
than traffic-related pollution.  
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Source: Næss et al. (2007).  

Figure 3.6-1. Age-adjusted, nonparametric smoothed relationship between NO2 and mortality from all 
causes in Oslo, Norway, 1992 through 1995.  

3.6.3. Summary of Mortality Related to Long-Term Exposure  
Figure 3.6-2 summarizes the NO2 relative risk estimates for total mortality from the studies 

reviewed in the previous sections. The relative risk estimates are grouped by those that used community- 
or ecologic-level exposure estimates and those that used individual-level exposure estimates, but because 
of the small number of studies listed, no systematic pattern could be elucidated. The relative risk 
estimates for total mortality ranged from 1.0 to 1.28 per 10-ppb increase in annual or longer averages 
of NO2. 

Potential confounding by copollutants needs to be considered in the interpretation of the NO2 risk 
estimates. Not all of the studies presented correlations between NO2 and other pollutants, but those that 
did indicated generally moderate to high correlations. For example, in the Harvard Six Cities study 
(Krewski et al, 2000), the French study (Filleul et al., 2005), and the German study (Gehring et al., 2006), 
the correlation between NO2 and PM indices ranged from 0.72 to 0.8. The high correlations between NO2 
and PM indicated possible confounding between these pollutants. Further, the results from the 
Netherlands study (Hoek et al., 2002), that living near major roads was more strongly associated with 
mortality than NO2, supported a possible surrogate role of NO2 as a marker of traffic-related pollution. 
However, this does not preclude the possibility of NO2 playing a role in interactions among the traffic-
related pollutants. Essentially no information was available on the possible effect modification of 
apparent NO2-mortalty associations. 
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Figure 3.6-2. Total mortality relative risk estimates from long-term studies. The original estimate for the 
Norwegian study was estimated for NOX. Conversion of NO2=0.35 X NOX was used.  

Available information on risk estimates for more specific causes of death with long-term exposure 
to NO2 was sparse. Among the studies with larger number of subjects, the ACS study (Pope et al., 2002) 
examined cardiopulmonary and lung cancer deaths, but as with the all-cause deaths, they were not 
associated with NO2. In the Næss et al. (2007) analysis of all inhabitants of Oslo, Norway, NO2 relative 
risk estimates for COPD were higher than those for other causes, but the same pattern was seen for PM2.5 
and PM10. In the German study by Gehring et al. (2006), NO2 relative risk estimates for cardiopulmonary 
mortality were larger than those for all-cause mortality, but, again, the same pattern was seen for PM10. 
Thus, higher risk estimates seen for specific causes of deaths were not specific to NO2 in these studies. 

In long-term exposure studies, different geographic scales were used to estimate air pollution 
exposure estimates across studies. Since the relative strength of association with health outcomes among 
various air pollutant indices may have been affected by the spatial distribution of the pollutants (i.e., 
regional versus local), the numbers of monitors available, and the scale of aggregation in the study design, 
it was not clear how these factors affected the apparent difference in results.  
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In the U.S. and European cohort studies examining the relationship between long-term exposure to 
NO2 and mortality, results were generally not consistent. Further, when associations were suggestive, they 
were not specific to NO2, also implicating PM and other traffic indicators. The relatively high correlations 
reported between NO2 and PM indices (r ~0.8) and the unresolved issue of surrogacy and interactions 
make it difficult to interpret the observed associations; thus, these data are inadequate to infer the 
presence or absence of a causal relationship. 
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Chapter 4. Public Health Impact 
This chapter discusses several issues relating to the broader public health impact of exposure to 

NOX. First, concepts related to defining adverse health effects are discussed. Second, the concentration-
response relationship for NO2 and evidence for thresholds (the concentration of NO2 that must be 
exceeded to elicit a health response) are discussed, with consideration of the limited evidence available to 
assess individual and population threshold values for health effects. The next section identifies 
characteristics of subpopulations that may experience increased risks from NO2 exposures, through either 
enhanced susceptibility (i.e., as a result of an intrinsic condition such as pre-existing disease, genetic 
factors, age) and/or differential vulnerability associated with increased exposure (e.g. residing close to 
roadways). In the final section the size of the potentially susceptible and vulnerable populations in the 
U.S. is discussed.  

4.1. Defining Adverse Health Effects 
A recent American Thoracic Society (ATS) statement (ATS, 2000b) updated the guidance for 

defining adverse respiratory health effects published 15 years earlier (ATS, 1985), taking into account 
new investigative approaches used to identify the effects of air pollution and reflecting concern for 
impacts of air pollution on specific susceptible groups. In the 2000 update, there was an increased focus 
on quality-of-life measures as indicators of adversity and a more specific consideration of population risk. 
An increased risk to the entire population was identified as adverse, even though it may not increase the 
risk of any identifiable individual to an unacceptable level (ATS, 2000b). For example, a population of 
asthmatics could have a distribution of lung function such that no individual demonstrates impairment. 
Exposure to air pollution could adversely shift the distribution,without demonstrable clinical effects. This 
distribution shift would be considered adverse because individuals would have diminished reserve 
function, putting them at increased risk if affected by another agent or as a result of aging. 

The 2006 Ozone AQCD (U.S. Environmental Protection Agency, 2006a) provided information 
useful in helping to define adverse health effects associated with ambient O3 exposure by describing the 
gradation of severity of respiratory effects. The definitions that relate to responses in impaired persons are 
presented in Table 4.1-1. The severity of effects described in the table is valid and reasonable in the 
context of the new ATS (2000b) statement, and can be applied to NO2 exposure. 

As assessed in detail in Chapter 3, Section 3.1, exposures to a range of NO2 concentrations have 
been reported to be associated with increased severity of health effects, such as respiratory symptoms, ED 
visits and hospital admission for respiratory causes. The adverse effects associated with NO2 exposure are 
anticipated to lead to a shift in the population distribution of reserve capacity for exposed individuals, 
and/or increase the proportion of severe responses across a broad spectrum of respiratory outcomes. 
These adverse outcomes have the potential to impair the quality of life among those affected. 
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Table 4.1-1. Gradation of individual responses to short-term NO2 exposure in persons with 
impaired respiratory systems. 

SYMPTOMATIC 
RESPONSE NORMAL MILD MODERATE SEVERE 

Wheeze None With otherwise normal 
breathing With shortness of breath Persistent with 

shortness of breath 

Cough Infrequent Cough Cough with deep breath Frequent spontaneous 
cough 

Persistent 
uncontrollable cough 

Chest pain None Discomfort just noticeable 
on exercise or deep breath 

Marked discomfort 
on exercise or deep breath 

Severe discomfort on 
exercise or deep breath 

Duration of response None <4 h 4 – 24 h >24 h 

FUNCTIONAL 
RESPONSE NONE SMALL MODERATE LARGE 

FEV1 change Decrements of <3% Decrements of 3 -10% Decrements of 10-20% Decrements of ≥ 20% 

Bronchial responsiveness Within normal range Increases of <100% Increases of 100-300% Increases of >300% 

Specific airway resistance 
(sRaw) 

Within normal range 
(± 20%) sRaw increased <100% sRaw increased 100-200% 

or up to 15 cm H2O s 
sRaw increased >200% or 

more than 15 cm H2O s 

Duration of response None <4 h 4 – 24 h >24 h 

IMPACT OF 
RESPONSES NORMAL MILD MODERATE SEVERE 

Interference with 
normal activity None Few persons choose 

to limit activity 
Many persons choose 

to limit activity 
Most persons choose 

to limit activity 

Medical treatment No change Normal medication 
as needed 

Increased frequency 
of medication use or 
additional medication 

Physician or emergency 
department visit 

An increase in bronchial responsiveness of 100% is equivalent to a 50% decrease in provocative dose that produces a 20% decrease in FEV1 (PD20) or provocative dose that 
produces a 100% increase in sRaw (PD100). Source: This table is adapted from the 2006 O3 AQCD (Table 8-3, page 8-68) (U.S. Environmental Protection Agency, 2006a). 

4.2. Concentration-Response Functions and Potential 
Thresholds 

An important consideration in characterizing the public health impacts associated with NO2 
exposure is whether the concentration-response relationship is linear across the full concentration range 
encountered or if nonlinear departures exist along any part of this range. Of particular interest is the shape 
of the concentration-response curve at and below the level of the current annual average standard of 
0.053 ppm (53 ppb). 

Human clinical studies typically provide individual-level response data in relation to different 
levels of NO2. The percentage of individuals showing responses across a range of NO2 exposures, the 
interindividual variability in response and the concentration at which an individual begins to respond can 
often be determined based on these studies. The previous assessment concluded that human clinical 
studies provided evidence that some asthmatics are more susceptible to the effects of NO2 but a 
concentration-response relationship was not evident (U.S. Environmental Protection Agency, 1993). 
Findings from recent human clinical studies do not provide evidence that would change the previous 
conclusion (see Chapter 3). Inconsistencies in clinical findings could be due to a sensitive subpopulation 
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not well represented in human clinical studies or peculiarities in protocols necessary to elicit a response. 
Such peculiarities might include an unanticipated time course for a response not well captured in human 
clinical studies or other factors that influence a response that may not be measured in all human clinical 
studies (i.e., prior allergen sensitization by allergen or infectious agent).  

Epidemiologic studies evaluate population-level responses, rather than individual responses. Low 
data density in the lower concentration range, response measurement error, exposure measurement error, 
and a shallow slope are some of the factors that complicated the ability to determine the shape of the 
concentration-response curve. A sigmoidal or S-shaped curve with a shallow slope may approximate 
linearity over a wide range of concentrations, making it difficult to characterize the exact nature of the 
concentration-response relationship. Biological characteristics that tend to linerarize concentration-
response relationships include inter-individual variability, additivity of NO2

- induced effects to a naturally 
occurring background of disease, and additivity to effects induced by other pollutant exposures.  

Epidemiologic studies are generally consistent with a linear or log linear relationship between 
ambient NO2 concentration and the health outcome; however the shape of the NO2 concentration-response 
relationship has only been explored in several studies. To examine the shape of the concentration-
response relationship between NO2 and daily physician consultations for asthma and lower respiratory 
disease in children, Hajat et al. (1999) used bubble plots to examine residuals of significant models 
plotted against moving averages of NO2 concentration. They noted a weak trend for asthma and 0-1 day 
moving average lag of NO2 and proposed that effects are weaker at lower concentrations and stronger at 
higher concentrations than predicted by the linear model. These departures were in accord with the shape 
of the sigmoidal dose-response model below the median effective dosage.  

Several studies of ED visits or hospitalizations for cardiac or respiratory disease examined the 
shape of the concentration-response curve. Burnett et al. (1997a) used the locally estimated smoothing 
splines (LOESS) to describe the concentration-response for respiratory and cardiac hospitalizations for 
the summers of 1992-94 in Toronto. Both graphs showed a smaller slope at lower concentrations, but a 
chi-square test detected no significant difference between the LOESS and a linear effect. In another study 
of respiratory hospitalizations in 16 Canadian cities, Burnett et al. (1997b) were unsuccessful in 
identifying the shape of the concentration-response function, i.e. a linear effect was not significant nor did 
inclusion of a quadratic term improve the fit of the model. In another study of hospitalizations for CHF in 
10 Canadian cities, Burnett et al. (1997c) found that a logarithmic concentration-response model, which 
has a steeper slope at lower concentrations, provided the best fit for the data compared to the other forms 
of the model examined. In a study among Medicaid-enrolled asthmatics in two urban cities in Ohio, Jaffe 
et al. (2003) found that when a concentration-response relationship was examined by quintile of NO2 
concentration, no consistent pattern was found. Tenías et al. (1998) also reported no consistent pattern in 
their study of the association between ambient NO2 and ED visits in Valencia’s Hospital Clìnic 
Universitari from 1994 to 1995. Castellsague et al. (1995) found a small but significant association of 
NO2 and ED visits due to asthma in Barcelona. Specifically, the adjusted risk estimates of asthma visits 
for each quartile of NO2 showed increased risks in each quartile for the summer months, but not the 
winter months. Together these studies indicate some disagreement in the trend of the concentration-
response curve below 50 ppb 24 h NO2. 

Samoli et al. (2003) examined the relationship between mortality and NO2 in a subset of 9 
European cities out of 30 APHEA cities. The cities were selected to have overlapping NO2 ranges to 
improve the detection of nonlinearity. They found the linear assumption to be adequate for these cities. 
Kim et al. (2004b) investigated non-linearity in relationships between air pollutants and mortality in 
Seoul, Korea, by analyzing data using a log-linear Generalized Additive Model (GAM; linear model), a 
cubic natural spline model (nonlinear model), and a B-mode splined model (threshold model). They did 
not detect a nonlinear association for NO2 with mortality.  

In conclusion, of the epidemiology studies that attempted to look at the shape of the concentration-
response below 50 ppb, one indicated that effects were weaker at lower levels (Hajat et al. 1999), and one 
showed a steeper log-linear relationship at lower doses (Burnett et al. 1997c). The remainder found that a 
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linear function best described the data (Burnett et al. 1997a,b; Jaffe et al. 2003; Tenias et al., 1998; 
Castellsague et al., 1995). These results do not provide adequate evidence to suggest that nonlinear 
departures exist along any part of this range of NO2 exposure concentrations. Evidence from human 
clinical studies has not helped to clarify understanding of the concentration-response function of NO2 (see 
chapter 3).  

4.3. Susceptible and Vulnerable Populations  
The NAAQS are intended to provide an adequate margin of safety for both general populations and 

sensitive subpopulations, or those subgroups potentially at increased risk for ambient air pollution health 
effects. The term susceptibility generally encompasses innate or acquired factors that make individuals 
more likely to experience effects with exposure to pollutants. Genetic or developmental factors can lead 
to innate susceptibility, while acquired susceptibility may result from age, disease, or personal risk factors 
such as smoking, diet, or exercise. In addition, new attention has been paid to the concept of some 
population groups having increased vulnerability to pollution-related effects due to extrinsic factors 
including socioeconomic status (e.g., reduced access to health care) or particularly elevated exposure 
levels. Potentially susceptible and/or vulnerable groups comprise a large fraction of the U.S. population. 
Given the likely heterogeneity of individual responses to air pollution, the severity of health effects 
experienced by a susceptible subgroup may be much greater than that experienced by the population at 
large (Zanobetti et al., 2000).  

Many factors such as genetic (Kleeberger et al., 2005) and social (Gee and Payne-Sturges, 2006) 
determinants of disease may contribute to interindividual variability and heightened susceptibility to NO2. 
The previous NOX AQCD (U.S. Environmental Protection Agency, 1993) identified certain groups within 
the population that may be more susceptible to the effects of NO2 exposure, including persons with 
preexisting respiratory disease, children, and older adults. Findings from recent studies supported the 
conclusions from the previous assessment with regard to susceptibility.  

4.3.1. Preexisting Disease as a Potential Risk Factor  
A recent report of the National Research Council (NRC) emphasized the need to evaluate the effect 

of air pollution on susceptible groups including those with respiratory illnesses and cardiovascular disease 
(CVD) (NRC, 2004). Generally, chronic obstructive pulmonary disease (COPD), conduction disorders, 
CHF, diabetes, and MI are conditions believed to put persons at greater risk for adverse events associated 
with air pollution. In addition, epidemiologic evidence indicates persons with airway hyperresponsiveness 
as determined by methacholine provocation may be at greater risk for symptoms such as phlegm and 
lower respiratory symptoms than subjects without airway hyperresponsiveness (Boezen et al., 1998). 
Several researchers have investigated the effect of air pollution among potentially sensitive groups with 
preexisting medical conditions. 

4.3.1.1. Asthmatics 

Evidence from epidemiologic studies shows an association between NO2 exposure and children’s 
hospital admissions, ED visits, and calls to doctors for asthma. This evidence came from large 
longitudinal studies, panel studies, and time-series studies. NO2 exposure was associated with aggravation 
of asthma effects that include symptoms, medication use, and lung function. Effects of NO2 on asthma 
were most evident with a cumulative lag of 2 to 6 days, rather than same-day levels of NO2. Time-series 
studies also demonstrated a relationship in children between hospital admissions or ED visits for asthma 
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and NO2 exposure, even after adjusting for copollutants such as PM and CO. Important evidence was also 
available from epidemiologic studies of indoor NO2 exposures. A number of recent studies showed 
associations with wheeze, chest tightness, and length of symptoms (Belanger et al., 2006); respiratory 
symptom rates (Nitschke et al., 2006); school absences (Pilotto et al., 1997a); respiratory symptoms, 
likelihood of chest tightness, and asthma attacks (Smith et al., 2000); and severity of virus-induced 
asthma (Chauhan et al., 2003). However, several studies (Mukala et al., 1999, 2000; (Farrow et al., 1997) 
evaluating younger children found no association between indoor NO2 and respiratory symptoms.  

Airway hyperresponsiveness in asthmatics to both nonspecific chemical and physical stimuli and to 
specific allergens appeared to be the most sensitive indicator of response to NO2 (U.S. Environmental 
Protection Agency, 1993). Responsiveness is determined using a challenge agent, which causes an 
abnormal degree of constriction of the airways as a result of smooth muscle contraction. This response 
ranges from mild to severe (spanning orders of magnitude) and is often accompanied by production of 
sputum, cough, wheezing, shortness of breath, and chest tightness. Though some asthmatics do not have 
this bronchoconstrictor response (Pattemore et al., 1990), increased airway hyperresponsiveness is 
correlated with asthma symptoms and increased asthma medication usage. Clinical studies reported 
increased airway hyperresponsiveness to allergen challenge in asthmatics following exposure to 0.26-ppm 
NO2 for 30 min during rest (Barck et al., 2002; et al.; Strand et al., 1997; 1998). 

Toxicological studies provided biological plausibility that asthmatics are likely susceptible to the 
effects of NO2 exposure. Numerous animal studies provide evidence that NO2 can produce inflammation 
and lung permeability changes. These studies provided evidence for several mechanisms by which NO2 
exposure can induce effects, including reduced mucociliary clearance, and alveolar macrophage function 
such as depressed phagocytic activity and altered humoral- and cell-mediated immunity. Chauhan et al. 
(2003) reviewed potential mechanisms by which NO2 exacerbates asthma in the presence of viral 
infections. These mechanisms included “direct effects on the upper and lower airway by ciliary 
dyskinesis, epithelial damage, increases in pro-inflammatory mediators and cytokines, rises in IgE 
concentration, and interactions with allergens, or indirectly through impairment of bronchial immunity.” 
These are all mechanisms that can provide biological plausibility for the NO2 effects in asthmatic children 
observed in epidemiologic studies. However, it must be noted that the experimental animal studies that 
looked at effects on markers of inflammation, such as BAL fluid levels of total protein and lactate 
dehydrogenase and recruitment or proliferation of leukocytes, occured only at exposure levels of ≥ 5 ppm. 
Studies conducted at these higher exposure concentrations may elicit mechanisms of action and effects 
that do not occur at near-ambient levels of NO2.  

4.3.1.2. Cardiopulmonary Disease and Diabetes 

While less evidence was available for these conditions, preexisting cardiovascular-related 
conditions may lead to heightened susceptibility to the effects of NO2 exposure. Recent epidemiologic 
studies reported that persons with preexisting conditions may be at increased risk for adverse cardiac 
health events associated with ambient NO2 concentrations (Peel et al., 2007; Mann et al., 2002; D’Ippoliti 
et al., 2003; von Klot et al., 2005). Peel et al. (2007) reported evidence of effect modification by 
comorbid hypertension and diabetes on the association between ED visits for arrhythmia and NO2 
exposure. In another study, a statistically significant positive relationship was reported between NO2 
concentrations and hospitalizations for IHD among those with prior diagnoses of CHF and arrhythmia 
(Mann et al., 2002). However, Mann et al. (2002) noted the vulnerability in the secondary CHF group 
could be due to increased prevalence of MI as the primary diagnosis in this group. In addition, these 
authors stated they were unable to distinguish the effects of NO2 from other traffic pollutants (Mann et al., 
2002). Von Klot et al. (2005) reported cardiac readmission among MI survivors was associated with NO2 
and this association was robust to adjustment for PM10. Modification of the association between NO2 and 
MI by conduction disorders but not diabetes or hypertension was observed by D’Ippoliti et al. (2003). 
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Park et al. (2005b) examined the relationship of NO2 and HRV among those with IHD, hypertension and 
diabetes but did not find an association.  

There was limited evidence from clinical or toxicological studies on potential susceptibility to NO2 
in persons with CVD; however, the limited epidemiologic evidence indicated that these individuals may 
be more sensitive to effects of NO2 exposure or air pollution in general. Reductions in blood hemoglobin 
(~10%) have been reported in healthy subjects following exposure to NO2 (1 to 2 ppm) for a few hours 
during intermittent exercise (Frampton et al., 2002). The clinical importance of hemoglobin reduction in 
persons with significant underlying lung disease, heart disease, or anemia has not been evaluated, but the 
reductions could lead to adverse cardiovascular consequences. These consequences would be exacerbated 
by concomitant exposure to CO, a combustion copollutant of NO2 that binds to hemoglobin and reduces 
oxygen availability to tissues and organs. 

4.3.2. Age as a Potential Risk Factor  
Children and older adults (65+ years) are often considered at increased risk from air pollution 

compared to the general population. The American Academy of Pediatrics (2004) concluded that children 
and infants are among the most susceptible to many air pollutants, including NO2. Because 80% of alveoli 
are formed postnatally and changes in the lung continue through adolescence, the developing lung is 
highly susceptible to damage from exposure to environmental toxicants (Dietert et al., 2000). In addition 
to children, older adults frequently are classified as being particularly susceptible to air pollution. The 
basis of the increased sensitivity in the elderly is not known, but one hypothesis is that it may be related 
to changes in the respiratory tract lining’s fluid antioxidant defense network and/or to a decline in 
immune system surveillance or response (Kelly et al., 2003). The generally declining health status of 
many older adults may also increase their risks to air pollution-induced effects. 

Evidence showed that associations of NO2 with both respiratory ED visits and hospitalizations were 
stronger among children (Peel et al., 2005; Atkinson et al., 1999b; Fusco et al., 2001; Hinwood et al., 
2006; Anderson et al., 1998) and older adults (Migliaretti et al., 2005; Atkinson et al., 1999b; Schouten 
et al., 1996; Ponce de Leon et al., 1996; Prescott et al., 1998). However, two studies (Sunyer et al., 1997; 
Migliaretti et al., 2005) found no difference in the rates of ED visits associated with NO2 concentrations 
for children (<15 years) and adults (15 to 64 years). Luginaah et al. (2005) and Wong et al. (1999) found 
no statistically significant difference in the elderly and adult age groups.  

Many field studies focused on the effect of NO2 on the respiratory health of children, while fewer 
field studies have compared the effect of NO2 in adults and other age groups. In general, children and 
adults experienced decrements in lung function associated with short-term ambient NO2 exposures (see 
Section 3.1.5). Importantly, a number of long-term exposure studies indicated that effects in children that 
include impaired lung function growth, increased respiratory symptoms and infections, and onset of 
asthma (see Section 3.4).  

In elderly populations, associations between NO2 and hospitalizations or ED visits for CVD, 
including stroke, have been observed in several studies (Anderson et al., 2007a; Atkinson et al., 1999b; 
Jalaludin et al., 2006; Hinwood et al., 2005; Wong et al., 1999; Barnett et al., 2006; Zanobetti and 
Schwartz, 2006; Simpson et al., 2005a; Wellenius et al., 2005b; Morgan et al., 1998a; Morris et al., 
1995). However, some results were inconsistent across cities (Morris et al., 1995), and investigators could 
not distinguish the effect of NO2 from the effect of other traffic-related pollutants such as PM and CO 
(Simpson et al., 2005a; Barnett et al., 2006; Morgan et al., 1998b; Jalaludin et al., 2006; Zanobetti and 
Schwartz, 2006).  

Several mortality studies investigated age-related differences in NO2 effects. Among the studies 
that observed positive associations between NO2 and mortality, a comparison of all-age– or ≤ 64-years-
of-age–group NO2-mortality risk estimates to that of the ≥ 65-years-of-age group indicated that, in 
general, the elderly population was more susceptible to NO2 effects (Biggeri et al., 2005; Burnett et al., 
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2004). One study (Simpson et al., 2005a) found no difference in increases in CVD mortality associated 
with NO2 concentrations between all ages and those participants of ≥ 65 years of age. 

4.3.3. Gender as a Potential Risk Factor 
A limited number of studies stratified results by gender. Lugninaah et al. (2005) found increases in 

hospital admissions associated with NO2 among females but not males. In a study of children in Toronto, 
Canada, NO2 was positively associated with asthma admissions among both boys and girls (Lin et al., 
2005). However, in a study of asthma admissions among children in Vancouver, NO2 was significantly 
and positively associated with asthma hospitalization only for boys in the low socioeconomic group (Lin 
et al., 2004). An increased association with asthma with exposure to traffic pollutants was observed for 
girls (Kim et al., 2004a). Decrements in FVC and FEV1 growth associated with NO2 were reported in 
male and female children in Mexico (Rojas-Martinez et al., 2007a,b). 

4.3.4. Genetic Factors for Oxidant and Inflammatory Damage  
A consensus now exists among epidemiologists that genetic factors related to health outcomes and 

ambient pollutant exposures merit serious consideration (Kauffmann et al., 2004; Gilliland et al., 1999; 
ATS 2000b). Interindividual variation in human responses to air pollutants may indicate that that some 
subpopulations are at increased risk of detrimental effects from pollutant exposure, and it has become 
clear that genetic background is an important susceptibility factor (Kleeberger, 2005). Several criteria 
must be satisfied in selecting and establishing useful links between polymorphisms in candidate genes and 
adverse respiratory effects. First, the product of the candidate gene must be instrumentally involved in the 
pathogenesis of the adverse effect of interest, often a complex trait with many determinants. Second, 
polymorphisms in the gene must produce a functional change in either the protein product or in the level 
of expression of the protein. Third, in epidemiologic studies, the issue of confounding by other 
environmental exposures must be carefully considered. In general, work has focused on genes involved in 
oxidant and inflammation damage. 

Several glutathione S-transferase (GST) genes have common, functionally important polymorphic 
alleles that affect host defense function in the lung (e.g., homozygosity for the null allele at the GSTM1 
and GSTT1 loci, homozygosity for the A105G allele at the GSTP1 locus). GST genes are inducible by 
oxidative stress. Exposure to radicals and oxidants in air pollution induces decreased GSH that increases 
transcription of GSTs. Individuals with genotypes that result in enzymes with reduced or absent peroxide 
activity are likely to have reduced oxidant defenses and potentially increased susceptibility to inhaled 
oxidants and radicals.  

Studies of genotype, respiratory health, and air pollution in general have been conducted (Lee et al., 
2004; Gilliland et al., 2002; Gauderman et al., 2007). NO2-related genetic effects have been presented 
primarily by Romieu et al. (2006) and indicated that asthmatic children with GSTM1 null and GSTP1 
Val/Val genotypes appear to be more susceptible to developing respiratory symptoms related to O3, but 
not NO2, concentrations. Though, it was hypothesized that ambient NO2 concentrations may affect 
breathing in general in children regardless of their GSTM1 or GSTP1 genotypes, GSTM1-positive and 
GSTP1 Ile/Ile- and Ile/Val-genotype children were more likely to experience cough and bronchodilator 
use, specifically in response to NO2 than GSTM1-null and GSTP1-Val/Val children. Contrary to 
expectations, a 20-ppb increase in ambient NO2 concentrations was associated with a decrease in 
bronchodilator use among GSTP1 Val/Val-genotype children. It remains plausible that there are genetic 
factors that can influence health responses to NO2, though the few available studies did not provide 
specific support for genetic susceptibility to NO2 exposure.  
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4.3.5. Other Potentially Susceptible Populations 
Although data specific to NO2 exposures was lacking for many of the susceptibility factors listed 

below, several potentially susceptible groups deserve specific mention in this document. These include 
individuals in a chronic pro-inflammatory state (e.g., diabetics), obesity, and children born prematurely or 
with low birth weight.  

Factors that may influence susceptibility or vulnerability are:

Susceptibility Factors 
 Age, Gender 

 Adverse birth outcomes: e.g., preterm birth, low birth 
weight, growth restriction, birth defects 

 Race/ethnicity 

 Genetic factors 

 Pre-existing disease, e.g., diabetes 

 Obesity 

 Respiratory diseases, e.g., asthma, COPD 

 Cardiovascular diseases 

Vulnerability Factors 
 Socioeconomic status 

 Education level 

 Air conditioning Use 

 Proximity to Roadways 

 Geographic Location (West 
vs. East) 

 Level of Exercise 

 Work Environment (e.g., 
outdoor workers) 

 
Chronic inflammation appears to enhance susceptibility for air pollution-related cardiovascular 

events in older individuals and persons with diabetes, coronary artery disease, obesity, and past 
myocardial infarctions (Bateson and Schwartz 2004, Goldberg et al., 2001; Zanobetti and Schwartz, 2002; 
Peel et al. 2007). Dubowsky et al. (2006) reported that individuals with conditions associated with both 
chronic inflammation and increased cardiac risk were more vulnerable to the short-term pro-inflammatory 
effects of air pollution. This included individuals with diabetes; obesity; and concurrent diabetes, obesity 
and hypertension. Zanobetti and Schwartz (2001) reported more than twice the risk for hospital 
admissions for heart disease in persons with diabetes than in persons without diabetes associated with 
exposure to ambient air pollution, indicating that persons with diabetes are an important at-risk group. 
Data from the Third National Health and Nutrition Examination Survey indicated that 5.1% of the U.S. 
population older than 20 years of age has diagnosed diabetes and an additional 2.7% has undiagnosed 
diabetes (Harris et al., 1998). Moreover, another study found that subjects with impaired glucose 
tolerance without type II diabetes also had reduced HRV (Schwartz, 2001). This may indicate that the at-
risk population may be even larger.  

Mortimer et al. (2000) reported that among asthmatic children, birth characteristics continue to be 
associated with increased susceptibility to air pollution later in life, demonstrating that air pollution-
induced asthma symptoms were more severe in children born prematurely or of low birth weight. 
Specifically, the authors revealed asthmatic children born more than three weeks prematurely or weighing 
less than 2,500 grams (5.5 pounds) had a six-fold decrease in breathing capacity associated with air 
pollution compared to full-weight, full-term children. The low birth weight and premature children also 
reported a five-fold greater incidence of symptoms like wheezing, coughing and tightness in the chest. 

4.3.6. Increased Vulnerability Associated with Increased Exposure  
Certain groups may experience relatively high exposure to NO2, thus forming a potentially 

vulnerable population. Many studies found that indoor, personal, and outdoor NO2 levels are strongly 
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associated with proximity to traffic or traffic density (see Section 2.5.4). NO2 concentrations in heavy 
traffic or on freeways, have been observed in the range of 40 to 70 ppb and can be more than twice the 
residential outdoor or residential/arterial road level (Lee et al., 2000; Westerdahl et al., 2005). Due to high 
air exchange rates, NO2 concentrations inside a vehicle could rapidly approach levels outside the vehicle 
during commuting; the mean in-vehicle NO2 concentration has been observed to be between 2 to 3 times 
non-traffic ambient levels (see Section 2.5.4). Those with occupations that require them to be in or close 
to traffic or roadways (e.g., bus and taxi drivers, highway patrol officers, toll collectors) or those with 
long commutes could be exposed to relatively high levels of NO2 compared to ambient levels.  

SES is a known determinant of health, and there is evidence that SES modifies the effects of air 
pollution (O’Neill et al. 2003; Makri and Stilianakis, 2008). Higher exposures to air pollution and greater 
susceptibility to its effects may contribute to a complex pattern of risk among those with lower SES. 
Conceptual frameworks have been proposed to explain the relationship between SES, susceptibility, and 
exposure to air pollution. Common to these frameworks is the consideration of the broader social context 
in which persons live, and its effect on health in general (O’Neill et al., 2003; Gee and Payne-Sturges, 
2004), as well as on maternal and child health (Morello-Frosch and Shenassa, 2006) and asthma (Wright 
and Subramanian, 2007) specifically. Multilevel modeling approaches that allow parameterization of 
community-level stressors such as increased life stress as well as individual risk factors were considered 
by these authors. In addition, statistical methods that allow for temporal and spatial variability in exposure 
and susceptibility have been discussed in the recent literature (Jerrett and Finkelstein, 2005; Künzli et al., 
2005).  

Many recent studies examined modification by SES indicators on the association between mortality 
and PM (O’Neill et al., 2003; Martins et al., 2004; Jerrett et al., 2004; Finkelstein et al., 2003; Romieu et 
al., 2004a) or other indices such as traffic density, distance to roadway or a general air pollution index 
(Ponce et al., 2005; Woodruff et al., 2003; Finkelstein et al., 2004). SES modification of NO2 associations 
has been examined in fewer studies. For example, in a study conducted in Seoul, Korea, community-level 
SES indicators modified the association of air pollution with ED visits for asthma; of the five criteria air 
pollutants evaluated, NO2 showed the strongest association in lower SES districts compared to high SES 
districts (Kim et al., 2007.) In addition, Clougherty et al. (2007) evaluated exposure to violence (a chronic 
stressor) as a modifier of the effect of traffic-related air pollutants, including NO2, on childhood asthma. 
The authors reported an elevated risk of asthma with a 4.3-ppb increase in NO2 exposure solely among 
children with above-median exposure to violence in their neighborhoods.  

4.4. At-Risk Susceptible Population Estimates 
Although NO2-related health risk estimates may appear to be small, they may well be important 

from an overall public health perspective owing to the large numbers of persons in the potential risk 
groups. Several population groups have been identified as possibly having increased susceptibility or 
vulnerability to adverse health effects from NO2, including children, older adults, and persons with 
preexisting pulmonary diseases. One consideration in the assessment of potential public health impacts is 
the size of various population groups that may be at increased risk for health effects associated with 
NO2-related air pollution exposure. Table 4.4.1 summarizes information on the prevalence of chronic 
respiratory conditions in the U.S. population in 2004 and 2005 (National Center for Health Statistics, 
2006a,b). Individuals with preexisting cardiopulmonary disease constitute a fairly large proportion of the 
population, with tens of millions of persons included in each disease category. Of most concern are those 
persons with preexisting respiratory conditions, with approximately 10% of adults and 13% of children 
having been diagnosed with asthma and 6% of adults with COPD (chronic bronchitis and/or emphysema).  

There are approximately 2.5 million deaths from all causes per year in the U.S. population, with 
about 100,000 deaths from chronic lower respiratory diseases (Kochanek et al., 2004) and 4,000 from 
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asthma (NCHS, 2006c). For respiratory health diseases, there are nearly 4 million hospital discharges per 
year (DeFrances et al., 2005), 14 million ED visits (McCaig and Burt, 2005), 112 million ambulatory care 
visits (Woodwell and Cherry, 2004), and an estimated 700 million restricted-activity days per year due to 
respiratory conditions (Adams et al., 1999). Of the total number of visits for respiratory disease, 1.8 
million annual ED visits were reported for asthma, including more than 750,000 visits by children. In 
addition, nearly 500,000 annual hospitalizations for asthma were reported (NCHS, 2006c).  

Centers for Disease Control and Prevention (CDC) analyses have shown that the burden of asthma 
has increased over the past two decades (NCHS, 2006c). In 2005, approximately 22.2 million people 
(7.7% of the population) had asthma. The incidence was higher among children (8.9% of children) 
compared to adults (7.2%) (Note: 2004 data is shown in Table 4.4-1, with a prevalence of 6.7%). In 
addition, prevalence and severity is higher among certain ethnic or racial groups such as Puerto Ricans, 
American Indians, Alaskan Natives, and African Americans. The asthma hospitalization rate for black 
persons was 240% higher than for white persons. Puerto Ricans were reported to have the highest asthma 
death rate (360% higher than non-Hispanic white persons) and non-Hispanic black persons had an asthma 
death rate that was 200% higher than non-Hispanic white persons. Furthermore, a higher prevalence of 
asthma among persons of lower SES and an excess burden of asthma hospitalizations and mortality in 
minority and inner-city communities have been observed in several studies (Wright and Subramanian, 
2007). Gender and age are also determinants of prevalence and severity: adult females had a 40% higher 
prevalence than adult males; and boys, a 30% higher prevalence than girls. Overall, females had a 
hospitalization rate about 35% higher than males. 

Table 4.4-1.  Prevalence of selected respiratory disorders by age group and by geographic 
region in the U.S.(2004 [U.S. Adults] and 2005 [U.S. Children] National 
Health Interview Survey).

AGE (YEARS) REGION 

ALL ADULTS 18-44 45-64 65-74 75+ NORTH-
EAST 

MID-
WEST SOUTH WEST 

CHRONIC 
CONDITION/DISEASE  
ADULTS (18+ YEARS) 

CASES 
(× 106) % % % % % % % % % 

Asthma 14.4 6.7 6.4 7.0 7.5 6.6 6.8 6.8 6.0 7.5 

COPD: Chronic Bronchitis 8.6 4.2 3.2 4.9 6.1 6.3 4.0 4.7 4.4 3.5 

COPD: Emphysema 3.5 1.7 0.3 2 4.9 6.0 1.5 1.7 2.0 1.1 

ALL CHILDREN 0-4 5-11 12-17  NORTH-
EAST 

MID-
WEST SOUTH WEST CHRONIC 

CONDITION/DISEASE 
CHILDREN (<18 YEARS) CASES 

(× 106) % % % %  % % % % 

Respiratory Conditions  6.5 8.9 6.8 9.9 9.6  10.1 8.5 9.3 7.9 

Source: National Center for Health Statistics (2006a,b) 

 
In addition, population groups based on age group also comprise substantial segments of the 

population that may be potentially at risk for NO2-related health impacts. Based on U.S. census data from 
2000, about 72.3 million (26%) of the U.S. population are under 18 years of age, 18.3 million (7.4%) are 
under 5 years of age, and 35 million (12%) are 65 years of age or older. Hence, large proportions of the 
U.S. population are in age groups that are likely to have increased susceptibility and vulnerability for 
health effects from ambient NO2 exposure. 
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Figure 4.4-1. Fraction of the study populations living within a specified distance from roadways. For 
comparison, concentrations of the traffic pollutant black carbon are plotted as a function of 
distance from the roadway. 

Based on data from the American Housing Survey, approximately 36 million persons live within 
300 feet (~90 meters) of a four-lane highway, railroad, or airport and 12.6% of U.S. housing units are 
located within this distance (U.S. Census Bureau, 2006). Furthermore, several exposure studies offer 
insight into differential exposures to NO2 from traffic in childhood. In California, 2.3% of schools, grades 
K–12, with a total enrollment of more than 150,000 students were located within ~500 feet (150 m) of 
high-traffic roads, and a higher proportion of nonwhite and economically disadvantaged students attended 
schools within close proximity to these high-traffic roadways (Green et al., 2004). Similar findings were 
reported for Detroit schoolchildren (Wu and Batterman, 2006). Figure 4.4-1 shows the proportion of 
study populations in Boston, MA (Garshick et al. 2003) and Los Angeles, CA (McConnell et al. 2006), 
the entire U.S. (American Housing Survey, 2005), and from population exposure models (HAPEM6, 
2007) living within a certain distance from major roadways. It also presents results of air quality 
measurements showing the decrease in concentration of black carbon, a traffic-related pollutant, with 
increasing distance from the roadway. The considerable size of the population groups at risk indicate that 
exposure to ambient NO2 could have an impact on public health in the U.S.  
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4.5. Summary of Public Health Issues 
In the few studies that specifically examined concentration-response relationships between NO2 and 

health outcomes, there was little evidence of an effect threshold. However, various factors, such as 
interindividual variation in response, additivity to background of effect and/or exposure, and 
measurement error tend to linearize the concentration-response relationship and obscure any population-
level thresholds that might exist.  

Persons with preexisting respiratory disease, children, and older adults may be more susceptible to 
the effects of NO2 exposure. Individuals in sensitive groups may be affected by lower levels of NO2 than 
the general population or experience a greater impact with the same level of exposure. A number of 
factors may increase susceptibility to the effects of NO2. Studies generally reported a positive excess risk 
for asthmatics, and there was emerging evidence that CVD may cause persons to be more susceptible, 
though it is difficult to distinguish the effect of NO2 from other traffic pollutants. Children and older 
adults (65+ years) may be more susceptible than adults, possibly due to physiological changes occurring 
among these age groups.  

In addition to intrinsically susceptible groups, a portion of the population may be at increased 
vulnerability due to higher exposures, generally people living and working near roadways. A considerable 
fraction of the population resides, works, or attends school near major roadways. Of this population, those 
with physiological susceptibility will have even greater risks of health effects related to NO2. 
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Chapter 5. Summary and Conclusions 

5.1. Introduction 
The Integrated Plan for the Primary NAAQS for NO2 (U.S. Environmental Protection Agency, 

2007) presents a series of policy-relevant questions to structure this assessment of the scientific evidence 
(Section 1.1). This ISA focuses on evaluating recent scientific evidence while incorporating information 
from the last review to best inform consideration of these policy-relevant questions. The purpose of this 
ISA is to form the scientific basis for regulatory decision making as it pertains to retaining or revising the 
current primary NAAQS for NO2 (0.053 ppm, annual average). The previous chapters present the most 
policy-relevant science. This chapter first summarizes key findings and then draws conclusions about 
health effects associated with exposure to NOX. These conclusions are based on explicit guidelines 
(Section 1.3) derived from the Hill aspects (Hill, 1965) and modeled after other pertinent frameworks.  

The framework for evaluation of evidence regarding causality is described in Chapter 1. The 
framework and language draw from similar efforts across the Federal government and the wider scientific 
community, especially from the recent NAS Institute of Medicine document, Improving the Presumptive 
Disability Decision-Making Process for Veterans (Institute of Medicine, 2007). A five-level hierarchy is 
used to be consistent with the Guidelines for Carcinogen Risk Assessment (U.S. Environmental 
Protection Agency, 2005). Conclusions concerning causality of association were placed into one of five 
categories with regard to weight of the evidence based on the framework. The five descriptors are:  

 Sufficient to infer a causal relationship; 

 Sufficient to infer a likely causal relationship (i.e. more likely than not);  

 Suggestive but not sufficient to infer a causal relationship; 

 Inadequate to infer the presence or absence of a causal relationship; and 

 Suggestive of no causal relationship. 

This integrative discussion begins with some key conclusions from the atmospheric sciences that 
are relevant to the interpretation of the health evidence and provide important underpinnings for potential 
quantitative assessments, including information about ambient concentrations and monitoring, and 
estimation of policy-relevant background. Consideration of exposure measurement error and exposure 
assessment issues is an essential component of this review, and provides an overview of the findings that 
inform the evaluation of the health evidence. Conclusions regarding causality for different categories of 
health outcomes are presented. Highlights of findings that support these conclusions are presented. The 
key findings from atmospheric science, exposure assessment, and health effects, including animal 
toxicological, human clinical and epidemiologic studies are integrated with regard to levels at which 
effects are observed, the time period (or averaging time) over which these effects are observed, and NO2 
serving as the indicator for the oxides of nitrogen NAAQS, and presented in Section 5.4. 
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5.2. Key Source to Exposure Findings 

5.2.1. Atmospheric Science and Ambient Concentrations 
An understanding of atmospheric processes affecting a given pollutant is crucial for understanding 

the causal chain linking NOX sources to health effects. NO2 plays a key role in the formation of O3 and 
photochemical smog. NO2 is an oxidant and reacts to form other photochemical oxidants, including 
organic nitrates like the PANs and inorganic acids like HNO3. NO2 also reacts with toxic compounds such 
as PAHs to form nitro-PAHs, which can be more toxic than either reactant alone.  

Major anthropogenic sources of NOX include motor vehicles, power plants, and fossil fuel 
combustion in general. NOX also is emitted by burning biomass fuels. Natural NOX sources include 
wildfires, microbial activity in soils, and lightning. NOX is emitted by all of the above sources mainly as 
NO. Atmospheric reactions oxidize NO to NO2. Thus, most NO2 in the atmosphere is the result of the 
oxidation of primary NO. As noted in Chapter 2, NO and NO2 interconvert rapidly in the atmosphere, and 
so it is often convenient to refer to their sum (NOX) instead of to them individually. The definition of 
nitrogen oxides contains a number of N-containing compounds formed by the oxidation of NO2 as 
described in Chapter 2. Aspects of the atmospheric chemistry of NOX most relevant for interpreting the 
human exposure and health evidence are: 

 The current method of determining ambient NOX and then reporting NO2 concentrations by 
subtraction of NO is subject to positive interference by NOX oxidation products, chiefly HNO3, 
and PAN as well as other oxidized N-containing compounds. Measurements of these oxidation 
products in urban areas are sparse.  

 Products are expected to peak in the afternoon because of the continued oxidation to NO2 emitted 
during the morning rush hours and during conditions conducive to photochemistry in areas well 
downwind of sources, particularly during summer. 

 Within urban cores, where many of the ambient monitors are sited close to strong NOX sources 
such as motor vehicles on busy streets (i.e., where NO2 concentrations are highest), the positive 
artifacts due to NO2 oxidation products are much smaller on a relative basis, generally <10%. 
Conversely, the positive artifacts are larger in locations more distant from local NOX sources (i.e. 
where NO2 concentrations are lowest) and could exceed 50%. Therefore, variable, positive 
artifacts associated with measuring NO2 using the FRM severely hamper its ability to serve as an 
accurate and precise indicator of NO2 concentrations at the typical ambient levels generally 
encountered outside of urban cores. The result of these positive artifacts when using ambient 
monitoring data in health outcome studies depends on whether or not the NO2 oxidation products 
exert the same effect as NO2 on the health endpoint being considered.  

 Because the dominant urban source is typically on-road vehicle emissions, ambient NO2 
generally behaves with the temporal and spatial variability of other traffic-generated pollutants.  

 The annual average NO2 concentrations of ~15 ppb reported by the regulatory monitoring 
networks are well below the level of the current NAAQS (0.053 ppm). However, daily max 1-
h avg concentrations can be greater than 100 ppb in some locations, e.g., areas with heavy traffic. 

 Policy-relevant background concentrations of NO2 are much lower than average ambient 
concentrations and are typically less than 0.1 ppb over most of the U.S., with the highest 
values found in agricultural areas.  
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5.2.2. Exposure Assessment 
Personal exposure to ambient and outdoor NO2 is affected by many factors that influence the 

contribution of ambient NO2 to personal exposures. Personal activity patterns determine when, where, and 
how people are exposed to NO2. The variations of these physical and exposure factors determine the 
strength of the association between personal exposure and ambient concentrations in both longitudinal 
and cross-sectional studies. The observed strength of the association between personal exposures and 
ambient concentrations are not only affected by the variation in physical parameters (e.g., penetration 
coefficient (P), mass transfer coefficient (k), air exchange rate (a), and indoor sources) but also affected 
by data quality and study design. The collective variability in all of the above parameters, in general, 
contributes to exposure error in air pollution-health outcome studies. The errors and uncertainties 
associated with the use of ambient NO2 concentrations as a surrogate for personal exposure to 
ambient NO2 generally tend to reduce rather than increase effect estimates, and therefore are not 
expected to change the principal conclusions from NO2 epidemiologic studies. 

The association between the ambient component of personal exposures and ambient concentrations 
is most relevant to the interpretation of epidemiologic evidence, but this type of correlation coefficient is 
not generally reported. Therefore, the weak association between personal total exposures and ambient 
concentrations in some longitudinal studies might not reflect the true association between the ambient 
component of personal exposures and ambient concentrations. A number of studies found that personal 
NO2 exposure was associated with ambient NO2 exposure, but the strength of the association ranged from 
poor to good. Key findings related to assessing NO2 exposures are listed below. 

 NO2 concentrations are highly spatially and temporally variable in urban areas. Intersite 
correlations for NO2 concentrations range from slightly negative to highly positive in examined 
cities. The range of spatial variation in NO2 concentrations is similar to that for O3, but larger than 
that of fine particulate matter (PM2.5). Differences between 24-h avg concentrations at individual 
paired sites in a MSA can be larger than the annual means at these sites.  

 Elevated and rooftop NO2 measurements, particularly in inner cities, likely underestimate 
concentrations and hence personal exposures occurring at lower elevations, closer to motor 
vehicle emissions. Pedestrians that spend time walking in street canyons and residents that have 
windows opening onto these canyons can therefore experience exposures to high near-road 
concentrations that may equal or exceed those on roads in transit. 

 Co-located samples showed that passive NO2 samplers generally correlate well with FRM 
ambient samplers, and the concentration differences are generally within 10%. However, personal 
passive samplers and the ambient samplers were both subject to measurement artifacts. 

 In the absence of indoor sources, indoor NO2 levels are about one-half those found outdoors. In 
the presence of indoor sources, particularly unvented combustion sources, NO2 levels can be 
much higher than reported ambient concentrations. 

 Alpha (α), the ratio of personal exposure to NO2 of ambient origin to the ambient NO2 
concentration, ranged from ~0.3 to ~0.6 in studies where it was determined. 

 Indoor exposures to NO2 are accompanied by exposures to other products of indoor combustion 
and to products of indoor NO2 chemistry, such as HONO. 

 The evidence relating ambient levels to personal exposures was inconsistent. Some of the 
longitudinal studies examined found that ambient levels of NO2 were reliable proxies of personal 
exposures to NO2. However, a number of studies did not find significant associations between 
ambient and personal levels of NO2. The differences in results were related in large measure to 
differences in study design and in exposure determinants. Measurement artifacts and differences 
in analytical measurement capabilities could also have contributed to the inconsistent results. 



 

5-4 

Indeed, in a number of the studies examined, the majority of measurements of personal NO2 
concentrations were beneath detection limits, and in all studies some personal measurements were 
beneath detection limits.  

 In two European studies, community averages of personal total exposures were highly correlated 
with either ambient or outdoor microenvironment concentrations. However, because of 
limitations in these studies, caution should be exercised in using these results to determine 
whether ambient concentrations of NO2 can be used as surrogates for long-term community 
average exposures in epidemiologic studies. 

5.3. Key Health Effects Findings 

5.3.1. Findings from the Previous Review  
The 1993 NOX AQCD concluded that there were two key health effects of greatest concern at 

ambient or near-ambient concentrations of NO2:  

 Increases in airway hyperresponsiveness of asthmatic individuals after short-term exposures.  

 Increased respiratory illness among children associated with longer-term exposures to NO2.  

Evidence also was found for increased risk of emphysema, but this appeared to be of major concern 
only with exposures to levels of NO2 that were much higher than current ambient levels of NO2 (U.S. 
Environmental Protection Agency, 1993). Qualitative evidence regarding airway hyperresponsiveness and 
lung function changes was drawn from human clinical and animal toxicological studies; these did not 
elucidate a concentration-response relationship. Epidemiologic studies reported increased respiratory 
symptoms with increased indoor NO2 exposures. Animal toxicological findings of lung host defense 
system changes with NO2 exposure provided a biologically plausible basis for these results. 
Subpopulations considered potentially more susceptible to the effects of NO2 exposure included persons 
with preexisting respiratory disease, children, and the elderly. In the 1993 AQCD, the epidemiologic 
evidence for respiratory health effects was limited, and no studies had considered effects such as hospital 
admissions, ED visits, or mortality.  

5.3.2. New Health Effects Findings  
Evidence published since the last review generally has confirmed and extended the conclusions 

articulated in the 1993 AQCD. The epidemiologic evidence has grown substantially, including new field 
or panel studies on respiratory health outcomes, intervention studies, numerous time-series epidemiologic 
studies of effects such as hospital admissions, and a substantial number of studies evaluating mortality 
risk with short-term NO2 exposures. As noted above, no epidemiologic studies were available in 1993 that 
assessed relationships between nitrogen oxides and outcomes such as hospital admissions, ED visits, or 
mortality; in contrast, dozens of epidemiologic studies on such outcomes are now included in this 
evaluation. Several recent studies also have reported findings from prospective cohort studies on 
respiratory health effects with long-term NO2 exposure. In addition, recent evidence characterizing the 
responses of susceptible and vulnerable populations has been reported since 1993, particularly concerning 
children, asthmatics, and those living or working near roadways. While not as marked as the growth in 
the epidemiologic literature, a number of recent toxicological and human clinical studies provide further 
insights into relationships between NO2 exposure and health effects.  

These new findings allow us to draw several overall conclusions concerning the health effects of 
NO2 exposures. These conclusions are integrated across disciplines at the organ-system level (e.g., 
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respiratory and cardiovascular morbidity, cardiopulmonary mortality). Integration at this level is generally 
more meaningful than reporting on separate health effects, which themselves may be serious, but 
individually do not fully characterize impacts on health. The conclusions of this ISA are summarized in 
Table 5.3-1, along with those of the previous review. Following the table is more discussion of evidence 
that supports these conclusions, organized by exposure duration and specific health effect.  

Table 5.3-1. Summary of evidence from epidemiologic, human clinical, and animal toxicological 
studies on the health effects associated with short- and long-term exposure to 
NO2. 

HEALTH OUTCOME CONCLUSION FROM 
PREVIOUS NAAQS REVIEW  CONCLUSION FROM 2008 ISA 

SHORT-TERM EXPOSURE TO NO2 
Respiratory Morbidity No Overall Conclusion “sufficient to infer a likely causal relationship” 

Lung Host Defense Human clinical studies suggest NO2 
effects; Animal toxicological studies 
indicate that alveolar macrophages 
and humoral and cell-mediated 
immune systems are affected and 
show that exposure can impair the 
respiratory host defense system 
resulting in susceptibility to infection. 

Impaired host-defense systems and increased risk of susceptibility to both 
viral and bacterial infections after NO2 exposures have been observed in 
epidemiologic, human clinical, and animal toxicological studies.  

Airway Inflammation No Studies Human clinical studies report effects of NO2 (1-2 ppm) on airway inflammation 
in healthy humans. Animal toxicological studies and limited available 
epidemiologic studies on children support these findings. 

Airway Hyperresponsiveness An increase in responsiveness to 
bronchoconstrictors was found in 
asthmatics and healthy individuals 
exposed to NO2 at rest. 

Human clinical studies of allergen and nonspecific bronchial challenges in 
asthmatics observed increased airway hyperresponsiveness at near ambient 
concentrations (0.1-0.3 ppm). Increased responsiveness to nonspecific 
challenges was also observed in animals at higher NO2 levels (e.g., 0.5 ppm). 

Respiratory Symptoms Children living in homes with gas 
stoves are at increased risk for 
developing respiratory diseases and 
illnesses compared to children living 
in homes without gas stoves. 

Epidemiologic studies provide consistent evidence of an association of 
respiratory effects with indoor and personal NO2 exposures in children. 
Multicity studies provide further support for associations between ambient 
NO2 concentrations (means of 7-70 ppb) and respiratory symptoms in 
asthmatic children. 

Lung Function Lung function changes in asthmatics 
reported at low (0.2 to 0.5 ppm), but 
not higher (up to 4 ppm), NO2 
concentrations. No convincing 
evidence of lung function 
decrements in healthy individuals 
below 1.0 ppm. 

The association between ambient NO2 concentrations and lung function in 
epidemiologic studies were generally inconsistent. Recent clinical evidence 
generally confirms prior findings.  

ED Visits / Hospital 
Admissions 

No Studies Positive and generally robust associations observed between ambient NO2 
levels (means of 3-50 ppb) and increased ED visits and hospital admissions 
for respiratory causes, especially asthma.  

Cardiovascular Morbidity No Studies “inadequate to infer the presence or absence of a causal relationship” 

Cardiovascular Effects No Studies Evidence from epidemiologic studies of heart rate variability, repolarization 
changes, and cardiac rhythm disorders among heart patients with ischemic 
cardiac disease are inconsistent. 

ED Visits / Hospital 
Admissions 

No Studies Generally positive associations between ambient NO2 concentrations and 
hospital admissions or ED visits for cardiovascular disease; however, the 
effects were not robust to adjustment for copollutants. 

Mortality No Studies “suggestive but not sufficient to infer a causal relationship” 

All Cause and 
Cardiopulmonary Mortality 

No Studies Positive and generally robust associations between ambient NO2 
concentrations and risk of nonaccidental and cardiopulmonary mortality. 
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HEALTH OUTCOME CONCLUSION FROM 
PREVIOUS NAAQS REVIEW  CONCLUSION FROM 2008 ISA 

LONG-TERM EXPOSURE TO NO2 
Respiratory Morbidity No Overall Conclusion “suggestive but not sufficient to infer a causal relationship” 

Respiratory Effects NO2 can cause emphysema 
(meeting the human definition 
criteria) in animals at high 
concentrations of NO2. 

Epidemiologic studies observed decrements in lung function growth 
associated with long-term exposure to NO2.  

 

Other Morbidity No Studies “inadequate to infer the presence or absence of a causal relationship” 

Cancer No Studies Limited epidemiologic studies observed an association between long-term 
NO2 exposure and cancer; animal toxicological studies have not provided 
clear evidence that NO2 acts as a carcinogen. 

Cardiovascular Effects No Studies Very limited epidemiologic and toxicological evidence does not suggest that 
long-term exposure to NO2 has cardiovascular effects. 

Birth Outcomes No Studies The epidemiologic evidence for an association between long-term exposure to 
NO2 and birth outcomes is generally inconsistent, with limited support from 
animal toxicological studies.  

Mortality No Studies “inadequate to infer the presence or absence of a causal relationship” 

All Cause and 
Cardiopulmonary Mortality 

No Studies The results of epidemiologic studies examining the association between long-
term exposure to NO2 and mortality were generally inconsistent.  

   

5.3.2.1. Respiratory Effects Related to Short-Term Exposure  

Taken together, recent studies provided scientific evidence that NO2 is associated with a range of 
respiratory effects and provide evidence sufficient to infer a likely causal relationship between short-
term NO2 exposure and adverse effects on the respiratory system. The greatest weight of evidence 
comes predominantly from the large body of recent epidemiologic evidence, with supportive evidence 
from human and animal experimental studies. The main body of evidence pertaining to causality for 
respiratory health outcomes is shown in Figure 5.3-1. The epidemiologic studies generally show positive 
associations between NO2 and respiratory symptoms and hospitalization or ED visits, with a number 
being statistically significant, particularly the more precise effect estimates. There also is a pattern of 
positive associations with respiratory mortality, though most are not statistically significant. A number of 
the epidemiologic studies have been conducted in locations where the ambient NO2 levels are well below 
the level of the NAAQS of 0.053 ppm (53 ppb) (annual average). The mean ambient concentrations, 
associated with the health outcomes reported in Figure 5.3-1 are in the range of 3 to 70 ppb for 24 h avg, 
with maximum ambient concentrations as high as 100 to 300 ppb. 

The epidemiologic evidence for respiratory effects can be characterized as consistent, in that 
associations are reported in studies conducted in numerous locations with a variety of methodological 
approaches. The findings are coherent in the sense that the studies report associations with respiratory 
health outcomes that are logically linked together.  
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Legend to Figure 5.3-1. 

Respiratory Symptoms 
1 Schwartz et al. (1994) Cough 
2 Mortimer et al. (2002) Asthma symptoms 
3 Schildcrout et al. (2006) Asthma symptoms 
4 Pino et al. (2004) Wheezy bronchitis 
5 Ostro et al. (2001) Wheeze 
6 Ostro et al. (2001) Cough 
7 Delfino et al. (2002) Asthma symptoms 
8 Segala et al. (1998) Asthma symptoms 
9 Segala et al. 1998 Cough 
10 Just et al. (2002) Cough 
11 Jalaludin et al. (2004) Cough 
12 Segala et al. (2004) Cough 
13 von Klot et al. (2002) Wheeze 
14 von Klot et al. (2002) Phlegm 
15 von Klot et al. (2002) Cough 
16 von Klot et al. (2002) Breathing problems 
17 Ward et al (2002) Cough 
18 Rodriguez et al. (2007) Cough 
19 Boezen et al. (1999) LRS 

Respiratory Disease – All Ages 
20 Tolbert et al. (2007) 
21 Peel et al. (2005) 
22 Luginaah et al. (2005) 
23 Luginaah et al. (2005) 
24 Anderson et al. (2001) 
25 Atkinson et al., (1999a) 
26 Atkinson et al., (1999b) 
27 Ponce de Leon et al. (1996) 
28 Llorca et al. (2005) 
29 Oftedal et al. (2003) 
30 Hagen et al. (2000) 
31 Bedeschi et al. (2007) 
32 Hinwood et al., (2006) 
33 Petroeschevsky et al. (2001) 

Respiratory Disease – Children 
34 Yang et al. (2003) 
35 Luginaah et al. (2005) 
36 Luginaah et al. (2005) 
37 Anderson et al. (2001) 
38 Atkinson et al. (1999a) 
39 Atkinson et al. (1999b) 
40 Ponce de Leon et al. (1996) 
41 Vigotti et al. (2007) 
42 Petroeschevsky et al. (2001) 
43 Petroeschevsky et al. (2001) 
44 Barnett et al. (2005) 
45 Barnett et al. (2005) 
46 Barnett et al. (2005) 
47 Wong et al. (1999) 
48 Lin et al. (1999) 
49 Gouveia and Fletcher (2000a) 

Respiratory Disease – Adults 
50 Luginaah et al. (2005) 
51 Luginaah et al. (2005) 
52 Spix et al. (1998) 
53 Anderson et al. (2001) 

54 Atkinson et al. (1999a) 
55 Atkinson et al. (1999b) 
56 Ponce de Leon et al. (1996) 
57 Schouten et al. (1996) 
58 Schouten et al. (1996) 
59 Petroeschevsky et al. (2001) 
60 Wong et al. (1999) 

Respiratory Disease –  
Older Adults (65+) 
61 Luginaah et al. (2005) 
62 Luginaah et al. (2005) 
63 Fung et al. (2006) 
64 Yang et al. (2003) 
65 Spix et al. (1998) 
66 Anderson et al. (2001) 
67 Atkinson et al. (1999a) 
68 Atkinson et al. (1999b) 
69 Ponce de Leon et al. (1996) 
70 Andersen et al. (2007b) 
71 Andersen et al. (2007a) 
72 Schouten et al. (1996) 
73 Schouten et al. (1996) 
74 Simpson et al. (2005a) 
75 Hinwood et al. (2006) 
76 Petroeschevsky et al. (2001) 
77 Wong et al. (1999) 

Asthma – All Ages 
78 Peel et al. (2005) 
79 Ito et al. (2007)* 
80 Burnett et al. (1999) 
81 Anderson et al. (1998) 
82 Atkinson et al. (1999a) 
83 Atkinson et al. (1999b) 
84 Galan et al. (2003) 
85 Chardon et al. (2007) 
86 Schouten et al. (1996) 
87 Migliaretti et al. (2005) 
88 Migliaretti and Cavallo (2004) 
89 Hinwood et al. (2006) 
90 Petroeschevsky et al. (2001) 
91 Wong et al., (1999) 
92 Tsai et al. (2006) 
93 Tsai et al. (2006) 
94 Yang et al. (2007) 
95 Yang et al. (2007) 

Asthma – Children 
96 Peel et al. (2005) 
97 Tolbert et al. (2000) 
98 Lin et al. (2003) 
99 Lin et al. (2003) 
100 Sunyer et al. (1997) 
101 Anderson et al. (1998) 
102 Atkinson et al. (1999a) 
103 Atkinson et al. (1999b) 
104 Thompson et al. (2001) 
105 Andersen et al. (2007b) 
106 Andersen et al. (2007a) 
107 Migliaretti et al. (2005) 
108 Migliaretti and Cavallo (2004) 
109 Migliaretti and Cavallo (2004) 

110 Barnett et al. (2005) 
111 Barnett et al. (2005) 
112 Hinwood et al. (2006) 
113 Petroeschevsky et al. (2001) 
114 Petroeschevsky et al. (2001) 
115 Morgan et al. (1998a) 
116 Ko et al. (2007) 
117 Lee et al. (2006) 
118 Gouveia and Fletcher (2000a) 
119 Jaffe et al. (2003) 
120 Jaffe et al. (2003) 
121 Linn et al. (2000) 

Asthma – Adults 
122 Sunyer et al. (1997) 
123 Anderson et al. (1998) 
124 Atkinson et al. (1999a) 
125 Atkinson et al. (1999b) 
126 Boutin-Forzano et al. (2004) 
127 Tenias et al. (1998) 
128 Castellsague et al. (1995) 
129 Migliaretti et al. (2005) 
130 Morgan et al. (1998a) 
131 Ko et al. (2007) 
132 Anderson et al. (1998) 
133 Atkinson et al. (1999a) 
134 Migliaretti et al. (2005) 
135 Hinwood et al. (2006) 
136 Ko et al. (2007) 
 

Respiratory Mortality 
137 Ostro et al. (2000) 
138 Fairley (1999); (Reanalysis 2003) 
139 Gamble (1998) 
140 Gwynn et al. (2000) 
141 Burnett et al. (2004) 
142 Villeneuve et al. (2003) 
143 Samoli et al. (2006) 
144 Zmirou et al. (1998) 
145 Biggeri et al. (2005) 
146 Anderson et al. (1996) 
147 Bremner et al. (1999) 
148 Anderson et al. (2001) 
149 Le Tertre et al. (2002) 
150 Dab et al. (1996) 
151 Zmirou et al. (1996) 
152 Hoek et al. (2000);  
 (Reanalysis, Hoek (2003) 
153 Hoek et al. (2000);  
 (Reanalysis, Hoek (2003) 
154 Saez et al. (2002) 
155 Garcia-Aymerich et al. (2000) 
156 Saez et al. (1999) 
157 Sunyer et al. (1996) 
158 Borja-Aburto et al. (1998) 
159 Gouveia and Fletcher (2000b) 
160 Simpson et al. (2005a,b) 
161 Simpson et al. (2000) 
162 Tsai et al. (2003) 
163 Yang et al. (2004b) 
164 Wong et al. (2001) 
165 Wong et al. (2002) 
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Animal toxicologic and human clinical studies have been conducted within the range of maximum 
ambient concentrations observed in epidemiologic studies (100 to 300 ppb) and provide some supporting 
evidence for the effects observed in the epidemiologic studies. Generally, exposure durations used in 
human clinical studies are more similar to peak exposures than 24-h avg exposures. Tables 5.3-2 and 
5.3-3 summarize the health endpoints that have been linked with NO2 exposure in human clinical and 
animal toxicologic studies, respectively, along with the lower range of doses or concentrations with which 
these effects have been reported. To put the concentration information in perspective, average and 
maximum ambient concentrations from earlier years in the United States and elsewhere were substantially 
greater than current levels; yet in the 3-year period 2003–2005, 1-h excursions in the United States have 
been observed in the range of 100 to 200 ppb (see Chapter 2). The human and animal findings underlying 
this causal judgment are summarized below. 

Table 5.3-2. Key studies and effects of exposure to NO2 from clinical studies. 

STUDY NO2 
(ppm) 

EXPOSURE 
DURATION 

(h) 
OBSERVED EFFECTS 

Folinsbee (1992) 0.1-0.3 0.5-2.0 Meta-analysis showed increased airway responsiveness following NO2 exposure in 
asthmatics. Large variability in protocols and responses. Most studies used 
nonspecific airway challenges. Airway responsiveness tended to be greater for resting 
(mean 45 min) than exercising (mean 102 min) exposure conditions. 

Barck et al. (2002, 2005a) 

Strand et al. (1996; 1997; 
1998) 

0.26 0.5 Asthmatics exposed to NO2 during rest experienced enhanced sensitivity to bronchial 
challenge-induced decrements in lung function and increased allergen-induced airway 
inflammatory response. Inflammatory response to allergen observed in the absence of 
allergen-induced lung function response. No NO2-induced change in lung function.  

Gong et al. (2005) 

Morrow et al. (1992) 

Vagaggini et al. (1996) 

0.3-0.4 2-4 Inconsistent effects on FVC and FEV1 in COPD patients with mild exercise.  

Azadniv et al. (1998) 

Blomberg et al. (1997; 1999) 

Devlin et al. (1999) 

Frampton et al. (2002) 

Jörres et al. (1995) 

1.0-2.0 2-6 Increased inflammatory response and airway responsiveness to nonspecific challenge 
in healthy adults exposed during intermittent exercise. Effects on lung function and 
symptoms in healthy subjects not detected by most investigators. Small decrements 
in FEV1 reported for asthmatics.  

Beil and Ulmer (1976) 

Nieding et al. (1979) 

Nieding and Wagner (1977) 

Nieding et al. (1980) 

≥ 2.0 1-3 Lung function changes (e.g., increased airway resistance) in healthy subjects. Effects 
not found by others at 2-4 ppm. 

  

Lung Host Defenses and Immunity 
Impaired host-defense systems and increased risk of susceptibility to both viral and bacterial 

infections after NO2 exposures were observed in epidemiologic, human clinical, and animal 
toxicological studies (Section 3.1.2). A recent epidemiologic study (Chauhan et al., 2003) provided 
evidence that increased personal exposure to NO2 worsened virus-associated symptoms and decreased 
lung function in children with asthma. The limited evidence from human clinical studies indicated that 
NO2 increases susceptibility to injury by subsequent viral challenge (Frampton et al., 2002). Animal 
toxicological studies have shown that lung host defenses are sensitive to NO2 exposure, with several 
measures of such effects observed at concentrations of less than 1 ppm. The epidemiologic and 



 

5-10 

experimental evidence indicated coherence for effects of NO2 exposure on host defense (i.e., immune 
system effects). This group of outcomes also provided plausibility and potential mechanistic support for 
other respiratory effects described subsequently, such as respiratory symptoms or increased ED visits for 
respiratory diseases. 

Table 5.3-3. Summary of toxicological effects in rats from NO2 exposure. 

STUDY NO2 (ppm) EXPOSURE DURATION OBSERVED EFFECTS 

Kumae and 
Arakawa (2006) 

0.2 From conception to 12 wks 
post delivery 

Increase in BALF lymphocytes (indicative of inflammation) 

Kumae and 
Arakawa (2006) 

0.5 Weanling period (from 5 wks 
old to 12 wks) 

Suppression of ROS (indicative of lung host defense impairment) 

Robison et al. 
(1993) 

0.5 0.5-10 days Depressed activation of arachidonic acid metabolism and superoxide production 
(indicative of lung host defense impairment) 

Mercer et al. (1995) 0.5 spikes 
of 1.5 

9 wks Increase in the number of fenestrae in the lungs (morphological effects) 

Barth et al. (1994) 0.8 1 or 3 days Increase in bronchiolar epithelial proliferation (morphological effects) 

Note:  Lowest-observed-effect level based on category BALF=Bronchoalveolar lavage fluid ROS=Reactive oxygen species 

Airway Inflammation 
Together, the findings of human and animal studies provided some evidence for airway 

inflammation with NO2 exposure, particularly in the more sensitive subgroups such as children or 
asthmatics. The few epidemiologic studies that considered inflammation showed an association between 
ambient NO2 concentrations and inflammatory response in the airways in children. The associations were 
inconsistent in the adult populations examined (Section 3.1.3). Effects of NO2 on airway inflammation 
have been observed in human clinical and animal toxicological studies at higher than ambient levels 
(0.4-5 ppm). Human clinical studies shows that airway inflammation is increased at NO2 
concentrations of <2.0 ppm; the onset of inflammatory responses in healthy subjects appears to be 
between 100 and 200 ppm-min, i.e., 1 ppm for 2 to 3 h (Figure 3.1-1). Increases in biological markers 
of inflammation were not observed consistently in healthy animals at levels of less than 5 ppm; however, 
increased susceptibility to NO2 concentrations of as low as 0.4 ppm was observed when lung vitamin C 
was reduced (by diet) to levels that were <50% of normal. These data provided some evidence for 
biological plausibility and one potential mechanism for other respiratory effects, such as exacerbation of 
asthma symptoms or increased ED visits for asthma. 

Airway Hyperresponsiveness 
The evidence from human and animal experimental studies provided some evidence for increased 

airway responsiveness to specific allergen challenges following NO2 exposure (Section 3.1.4.1). Recent 
human clinical studies involving allergen challenge in asthmatics reported that NO2 exposure may 
enhance the sensitivity to allergen-induced decrements in lung function and increase the allergen-
induced airway inflammatory response at exposures as low as 0.26 ppm NO2 for 30 min (Figure 3.1-
2). Increased immune-mediated pulmonary inflammation also was observed in rats exposed to house dust 
mite allergen following exposure to 5 ppm NO2 for 3 h. Exposure to NO2 also has been found to enhance 
the inherent responsiveness of the airway to subsequent nonspecific challenges in human clinical studies 
(Section 3.1.4.2). In general, small but significant increases in nonspecific airway hyperresponsiveness 
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were observed in the range of 1.5 to 2.0 ppm for 3 h exposures in healthy adults and between 0.2 
and 0.3 ppm NO2 for 30 -min exposures and at 0.1 ppm NO2 for 60-min exposures in asthmatics. 
Subchronic exposures (6 to 12 weeks) of animals to NO2 also increased responsiveness to nonspecific 
challenges at exposures of 1 to 4 ppm.  

Respiratory Symptoms 
Consistent evidence has been observed for an association of respiratory effects with indoor and 

personal NO2 exposures in children at ambient concentration levels (Section 3.1.5.1). In particular, the 
Pilotto et al. (2004) intervention study provided evidence of improvement in respiratory symptoms with 
reduced NO2 exposure in asthmatic children. This study linked respiratory effects with exposure to NO2 
from an indoor combustion source,(i.e., unflued gas heaters), thus, increased confidence that NO2 is not 
solely a marker for an ambient air pollution mixture in observed associations with NO2 from outdoor 
sources (in particular traffic emissions) that has infiltrated indoors. The epidemiologic studies using 
community ambient monitors also found associations between ambient NO2 concentration and respiratory 
symptoms (Section 3.1.4.2, see Figure 3.1-6). The results of recent multicity studies (Schildcrout et al., 
2006; Mortimer et al., 2002) provided further support for associations between respiratory symptoms and 
medication use in asthmatic children. Positive associations were observed in cities where the median 
range was 18 to 26 (90th percentiles: 34 to 37) ppb for a 24-h avg (Schildcrout et al., 2006) and the 
mean NO2 level was 32 (range: 7 to 96) ppb for a 4-h avg (Mortimer et al., 2002). These 
concentrations were within the range of 24-h avg concentrations observed in recent years. In the results of 
multipollutant models, NO2 associations in these multicity studies were generally robust to adjustment for 
copollutants including O3, CO, and PM10 (Figure 3.1-7).  

Most human clinical studies do not report or observe respiratory symptoms with NO2 exposure, and 
animal toxicological studies do not measure effects that would be considered symptoms. The 
experimental evidence on immune system effects and airway inflammation discussed previously, 
however, provide some plausibility and coherence for the observed respiratory symptoms in 
epidemiologic studies.  

Lung Function 
Recent epidemiologic studies that examined the association between ambient NO2 concentrations 

and lung function in children and adults generally produced inconsistent results (Section 3.1.5.1). Human 
clinical studies generally did not find direct effects of NO2 on lung function in healthy adults at 
levels as high as 4.0 ppm (Section 3.1.5.2). For asthmatics, the direct effects of NO2 on lung function 
also have been inconsistent at exposure concentrations of less than 1 ppm NO2.  

Respiratory ED Visits and Hospitalizations 
Epidemiologic evidence exists for positive associations of short-term ambient NO2 

concentrations below the current NAAQS level with increased numbers of ED visits and hospital 
admissions for respiratory causes, especially asthma (Section 3.1.7). A number of studies were 
conducted in locations where mean 24-h concentrations were in the range of 3 to 50 (maxima: 28 to 
82) ppb (Figure 5.3-1). These associations are particularly consistent among children and older adults 
(65+ years) when all respiratory outcomes are analyzed together (Figures 3.1-8 and 3.1-9), and among 
children and subjects of all ages for asthma admissions (Figures 3.1-12 and 3.1-13). When examined with 
copollutant models, associations of NO2 with respiratory ED visits and hospital admissions were 
generally robust and independent of the effects of copollutants (Figures 3.1-10 and 3.1-11). In preceding 
sections, mechanistic evidence was described related to host defense and immune system changes, airway 
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inflammation, and airway responsiveness that provide plausibility and coherence for these observed 
effects.  

5.3.2.2. Cardiovascular Effects Related to Short-Term Exposure 

The available evidence on the effects of short-term exposure to NO2 on cardiovascular health 
effects is inadequate to infer the presence or absence of a causal relationship at this time. Evidence 
from epidemiologic studies of heart rate variability (HRV), repolarization changes, and cardiac rhythm 
disorders among heart patients with ischemic cardiac disease was inconsistent (Section 3.2.1). In most 
studies, associations with PM were found to be similar or stronger than associations with NO2. The mean 
24-h concentrations generally were in the range of 9 to 39 ppb (Annex Table AX6.3-6). Generally 
positive associations between ambient NO2 concentrations and hospital admissions or ED visits for 
cardiovascular disease have been reported in single-pollutant models where mean 24-h concentrations 
generally were in the range of 20 to 40 ppb (Section 3.2.2); however, most of these effect estimates were 
diminished in multipollutant models that also contained CO and PM. Mechanistic evidence of a role for 
NO2 in the development of cardiovascular diseases from studies of biomarkers of inflammation, cell 
adhesion, coagulation, and thrombosis is lacking (Section 3.2.1.4; Seaton and Dennekamp, 2003). 
Furthermore, the effects of NO2 on various hematological parameters in animals are inconsistent and, 
thus, provide little biological plausibility for effects of NO2 on the cardiovascular system. However, 
evidence from two human clinical studies was indicative of a reduction in hemoglobin with NO2 exposure 
at concentrations between 1.0 and 2.0 ppm (with 3 h exposures). 

5.3.2.3. Mortality Related to Short-Term Exposure 

The epidemiologic evidence is suggestive but not sufficient to infer a causal relationship of 
short-term exposure to NO2 with all cause and cardiopulmonary-related mortality. Results from several 
large U.S. and European multicity studies and a meta-analysis study indicated positive associations 
between ambient NO2 concentrations and the risk of all-cause (nonaccidental) mortality, with effect 
estimates ranging from 0.5 to 3.6% excess risk in mortality per standardized increment1 (Section 3.3.1, 
Figure 3.3-2). In general, the NO2 effect estimates were robust to adjustment for copollutants. Both 
cardiovascular and respiratory mortality were associated with increased NO2 concentrations in 
epidemiologic studies (Figure 3.3-3); however, similar associations were observed for other pollutants, 
including PM and SO2. The range of risk estimates for excess mortality was generally smaller than that 
for other pollutants such as PM. While NO2 exposure, alone or in conjunction with other pollutants, may 
contribute to increased mortality, evaluation of the specificity of this effect was difficult. Clinical studies 
showing hematologic effects and animal toxicological studies showing biochemical, lung host defense, 
permeability, and inflammation changes with short-term exposures to NO2 provide limited evidence of 
plausible pathways by which risks of morbidity and, potentially, mortality may be increased, but no 
coherent picture is evident at this time. 

5.3.2.4. Respiratory Morbidity Related to Long-Term Exposure 

The epidemiologic and toxicological evidence examining the effect of long-term exposure to NO2 
on respiratory morbidity is suggestive but not sufficient to infer a causal relationship at this time. A 
number of epidemiologic studies examined the effects of long-term exposure to NO2 and reported positive 
associations with decrements in lung function and partially irreversible decrements in lung function 

                                                 
1Excess risk estimates are standardized to a 20-ppb incremental change in daily 24-h avg NO2 or a 30-ppb incremental change in daily 1-h max NO2. 
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growth (Section 3.4.1, Figures 3.4-1 and 3.4-2). Results from the Southern California Children’s Health 
Study indicated that decrements were similar for boys and girls and among children who had no history of 
asthma (Gauderman et al., 2004). The mean NO2 concentrations in these studies range from 21.5 to 
34.6 ppb. Similar associations have also been found for PM, O3, and proximity to traffic (<500 m), 
though these studies did not report the results of copollutant models. The high correlation among traffic-
related pollutants made it difficult to accurately estimate the independent effects in these long-term 
exposure studies. Results from the available epidemiologic evidence investigating the association between 
long-term exposure to NO2 and increases in asthma prevalence and incidence were suggestive (Section 
3.4.2). Two major cohort studies, the Children’s Health Study in southern California (Gauderman et al., 
2005) and a birth cohort study in the Netherlands (Brauer et al., 2007) observed significant associations; 
however, several other studies did not find consistent associations between long-term NO2 exposure and 
asthma outcomes. Epidemiologic studies conducted in both the U.S. and Europe also have produced 
inconsistent results regarding an association between long-term exposure to NO2 and respiratory 
symptoms (Section 3.4.3). While some positive associations were noted, a large number of symptom 
outcomes were examined and the results across specific outcomes were inconsistent. Animal toxicological 
studies demonstrated that NO2 exposure resulted in morphological changes in the centriacinar region of 
the lung and in bronchiolar epithelial proliferation (Section 3.4.4), which may provide some biological 
plausibility for the observed epidemiologic associations between long-term exposure to NO2 and 
respiratory morbidity. Susceptibility to these morphologic effects was found to be influenced by many 
factors, such as age, compromised lung function, and acute infections. 

5.3.2.5. Other Morbidity Related to Long-Term Exposure 

The available epidemiologic and toxicological evidence was inadequate to infer the presence or 
absence of a causal relationship for carcinogenic, cardiovascular, and reproductive and developmental 
effects related to long-term NO2 exposure. Two epidemiologic studies conducted in Europe showed an 
association between long-term NO2 exposure and increased incidence of cancer (Nyberg et al., 2000; 
Nafstad et al., 2003). However, the animal toxicological studies provided no clear evidence that NO2 acts 
as a carcinogen, though it does appear to act as a tumor promoter at the site of contact (Section 3.5.1). 
There were no in vivo studies supporting the hypothesis that NO2 causes teratogenesis or malignant 
tumors. A more likely pathway for NO2 involvement in cancer induction is through secondary formation 
of nitro-PAHs, as nitro-PAHs are known to be more mutagenic than the parent compounds. The very 
limited epidemiologic and toxicological evidence does not indicate that long-term exposure to NO2 has 
cardiovascular effects (Section 3.5.2). The U.S. Women’s Health Initiative study (Miller et al., 2007) did 
not find any associations between long-term NO2 exposure and cardiovascular events. The toxicological 
studies found some effects of NO2 on cardiac performance and heart rate, but only at exposure levels of 
above 4 ppm. The epidemiologic evidence was not consistent for associations between NO2 exposure and 
growth retardation; however, some evidence is accumulating for effects on preterm delivery (Section 
3.5.3). Similarly, scant animal evidence supports a weak association between NO2 exposure and adverse 
birth outcomes and provides little mechanistic information or biological plausibility for the epidemiologic 
findings.  

5.3.2.6. Mortality Related to Long-Term Exposure 

The epidemiologic evidence was inadequate to infer the presence or absence of a causal rela-
tionship between long-term exposure to NO2 and mortality. In the U.S. and European cohort studies 
examining the relationship between long-term exposure to NO2 and mortality, results were generally 
inconsistent (Section 3.6, Figure 3.6-2). Further, when associations were noted, they were not specific to 
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NO2, but also implicated PM and other traffic indicators. The relatively high correlations reported 
between NO2 and PM indices (r ~0.8) make it difficult to interpret these associations. 

5.3.2.7. Exposure Indices 

The available NO2 indices used to indicate short-term ambient NO2 exposure are daily 1-h max; 
24-h avg; and 2-week avg NO2 concentrations. New data on short-term exposures have been published 
since the 1993 NOX AQCD. Some studies examined only one index, and these studies form an evidence 
base for that individual index. A few studies used both 1-h and 24-h data and, thus, allow a comparison of 
these averaging periods. These included studies of respiratory symptoms, ED visits for asthma, hospital 
admissions for asthma, and mortality. Comparisons of effect estimates for asthma ED visits for the 1-h 
and 24-h time periods showed that the effect estimates are not different. Experimental studies in both 
animals and humans provided evidence that short-term NO2 exposure (i.e., <1 h to 2–3 h) can result in 
respiratory effects such as increased airway responsiveness or inflammation, thereby increasing the 
potential for exacerbation of asthma. These findings generally supported epidemiologic evidence on 
short-term exposures, but did not provide evidence that distinguishes effects for one short-term averaging 
period from another. Differences between daily 1-h max and 24-h avg exposures estimates are unlikely to 
be well characterized by the limited monitoring data available. Though an array of studies that examined 
short-term (24-h avg and 1-h maximum) NO2 exposures and respiratory morbidity consistently produced 
positive associations, it is not possible to discern whether these effects are attributable to average daily (or 
multiday) concentrations (24-h avg) or high, peak exposures (1-h max). 

5.3.2.8. Susceptible and Vulnerable Populations 

Based on both short- and long-term studies of an array of respiratory health effects data, persons 
with preexisting pulmonary conditions are likely at greater risk from ambient NO2 exposures than 
the general public, with the most extensive evidence available for asthmatics as a potentially susceptible 
group. In addition, studies indicated that upper respiratory viral infections can trigger susceptibility to the 
effects of exposure to NO2. There was supporting evidence of age-related differences in susceptibility to 
NO2 health effects such that the elderly population (>65 years of age) appeared to be at increased risk of 
mortality and hospitalizations, and that children (<18 years of age) experienced other potentially adverse 
respiratory health outcomes with increased NO2 exposure. People with occupations that require them to 
be in or close to traffic or roadways (i.e., bus and taxi drivers, highway patrol officers) may have 
enhanced exposure to NO2 compared to the general population, possibly increasing their vulnerability. A 
considerable portion of the population resides and/or attends school near major roadways, increasing their 
exposure to NO2 and other traffic pollutants. Otherwise susceptible individuals (schoolchildren, older 
adults) in this subpopulation may be at increased risk. Recent studies have evaluated the effect of 
socioeconomic status (SES) on susceptibility to the effects of NO2 exposure; however, to date, these 
studies are too few in number to draw conclusions. Though data are just emerging (Romieu et al., 2006; 
Islam et al., 2007), it is believed that a genetic component could be important in characterizing the 
association between NO2 exposure and adverse health effects. 

5.3.2.9. Concentration-Response Relationships and Thresholds  

The conclusions pertaining to respiratory health presented in this ISA are based on numerous 
studies, including panel and field, intervention, and multipollutant studies that control for the effects of 
other pollutants, and studies conducted in areas where the whole distribution of ambient 24-h avg NO2 
concentrations was below the current NAAQS level of 0.053 ppm (annual average). In some cases the 
mean exposure in positive epidemiologic studies are <10 ppb; the policy-relevant background 
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concentration is <0.01 ppb. In studies that have examined concentration-response relationships between 
NO2 and health outcomes, the concentration-response relationship appears linear within the observed 
range of data, including at levels below the current standard. There is little evidence of any effect 
threshold (Section 4.2). Factors that made it difficult to identify any threshold that may exist included: 
interindividual variation; additivity of pollutant-induced effects to the naturally occurring background 
disease processes; additivity to health effects due to other environmental insults having a mode of action 
similar to that of NO2; exposure error; and response measurement error. Low data density in the lower 
concentration range as a result of limited monitoring is a particular problem in terms of measurement 
error. Additionally, if the concentration-response relationship was shallow, identification of any threshold 
that may exist will be more difficult to discern. 

5.4. Conclusions 
New evidence confirms previous findings in the 1993 AQCD that short-term NO2 exposure is 

associated with increased airway responsiveness, often accompanied by respiratory symptoms, 
particularly in children and asthmatics. This ISA concludes that the strongest evidence for an association 
between NO2 exposure and adverse human health effects comes from epidemiologic studies of respiratory 
symptoms and ED visits and hospital admissions. These new findings were based on numerous studies, 
including panel and field studies, multipollutant studies that control for the effects of other pollutants, and 
studies conducted in areas where the whole distribution of ambient 24-h avg NO2 concentrations was 
below the current NAAQS level of 0.053 ppm (53 ppb) (annual average). The effect estimates from the 
U.S. and Canadian studies generally indicate a 2-20% increase in risks for ED visits and hospital 
admissions. Risks associated with respiratory symptoms generally were higher. The studies providing this 
evidence (summarized in Table 5.4-1) were identified based on criteria for selecting epidemiologic 
studies for inclusion in the ISA (Annex Section AX1.3.2 and Annex Figure AX1.3-1). They include U.S. 
and Canadian studies conducted at or near ambient concentrations, which were well-designed, properly 
implemented, and thoroughly described. All of the U.S. and Canadian studies included in Figure 5.3-1 are 
included in Table 5.4-1. Evidence from human clinical studies, especially for airway hyperresponsiveness 
in asthmatic individuals, was generally supportive of the epidemiologic evidence (see Table 5.3-2). 

These conclusions were supported by some evidence from toxicological and human clinical studies. 
These data sets formed a plausible, consistent, and coherent description of a relationship between NO2 
exposures and an array of adverse health effects that range from the onset of respiratory symptoms to 
hospital admission. Though an array of studies that examined short-term (24-h avg and 1-h max) NO2 
exposures and respiratory morbidity consistently produced positive associations, it is not possible to 
discern whether these effects are attributable to average daily (or multiday) concentrations (24-h avg) or 
high, peak exposures (1-h max). While the evidence supported a direct effect of short-term NO2 exposure 
on respiratory morbidity, the available evidence was inadequate to infer the presence or absence of a 
causal relationship for morbidity and mortality effects related to long-term NO2 exposure. Further, the 
health evidence was inadequate to infer the presence or absence of a causal relationship for carcinogenic, 
cardiovascular, and reproductive and developmental effects, or for premature mortality, related to long-
term NO2 exposure. 

The available evidence on the effects of short-term exposure to NO2 for cardiovascular health 
effects is inadequate to infer the presence or absence of a causal relationship at this time. Though there is 
no human clinical or animal toxicological evidence, the epidemiologic evidence is suggestive but not 
sufficient to infer a causal relationship of short-term exposure to NO2 with nonaccidental and 
cardiopulmonary-related mortality. 
It is difficult to determine from these new studies the extent to which NO2 is independently associated 
with respiratory effects or if NO2 is a marker for the effects of another traffic-related pollutant or mix of 
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pollutants (see Section 5.2.2 for more details on exposure issues). On-road vehicle exhaust emissions are 
a nearly ubiquitous source of combustion pollutant mixtures that include NO2 and can be an important 
contributor to NO2 levels in near-road locations. Although this complicates the efforts to disentangle 
specific NO2-related health effects, the evidence summarized in this assessment indicates that NO2 
associations generally remain robust in multipollutant models and supports a direct effect of short-term 
NO2 exposure on respiratory morbidity at ambient concentrations below the current NAAQS level. The 
robustness of epidemiologic findings to adjustment for copollutants, coupled with data from animal and 
human experimental studies, support a determination that the relationship between NO2 and respiratory 
morbidity is likely causal, while still recognizing the relationship between NO2 and other traffic related 
pollutants. In addition, an intervention study by Pilotto et al. (2004) found that exposure to NO2 from an 
indoor combustion source is associated with respiratory effects; in this study NO2 effects would not be 
confounded by other motor vehicle emission pollutants, though potential confounding by other pollutants 
from gas stove emissions, such as UFP, could occur.  

Human clinical and toxicological study findings also provide support for independent effects of 
NO2 on respiratory health. Limited evidence from human clinical studies indicated that NO2 may increase 
susceptibility to injury by subsequent viral challenge; toxicological studies show that lung host defenses 
are sensitive to NO2 exposure. The epidemiologic and experimental evidence together show coherence for 
effects of NO2 exposure on host defense or immune system effects providing plausibility and mechanistic 
support for respiratory symptoms and ED visits for respiratory disease. Additionally, short-term exposure 
to NO2 shows increased airway inflammation in human clinical and animal toxicological studies but at 
exposure concentrations higher than ambient levels. Human and animal experimental studies provide 
support for increased airways responsiveness to specific and nonspecific challenge following NO2 
exposure. Transient increases in airway responsiveness following NO2 exposure have the potential to 
increase symptoms and worsen asthma control. 

Identification of a concentration-response relationship is an additional uncertainty that must be 
considered when describing the association of NO2 and adverse health effects. In studies that have 
examined concentration-response relationships between NO2 and health outcomes specifically, there was 
little evidence of an effect threshold. Because ambient levels of NO2 are low in many of the 
epidemiologic study sites, the concentration-response relationship may be shallow, making it difficult to 
identify any threshold. 
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Table 5.4-1. Ambient NO2 concentrations and selected effect estimates from studies of respiratory 
symptoms, ED visits and hospital admissions in the U.S. and Canada.Complete 
results and study details in Annex Tables AX6.3-2 through AX6.3-5.

STUDY POPULATION AVG 
TIME MEAN (SD)  RANGE STANDARDIZEDa % EXCESS RISK 

(95% CI) 

Respiratory Symptoms 
Schwartz et al. (1994) 6 cities, U.S. 24-h avg 13 ppb (NR) Max: 44 61.3% (8.2, 143.4) Cough Incidence 

Mortimer et al. (2002) 8 urban areas, U.S. 4-h avg 32 ppb (NR) −7, 96 48% (2, 116) Morning Asthma Symptoms 

Schildcrout et al. (2006)  8 North American Cities  24-h avg 17-26 ppb (NR) NR 4.0% (1.0, 7.0) Asthma Symptoms 

Ostro et al. (2001) LA and Pasadena, CA 1-h max 68-80 ppb (NR) 20, 220 7.0% (1.0, 13.8) Cough Onset 

Delfino et al. (2002) Alpine, CA 1-h max 24 ppb (10) 8, 53 34.6% (-17.9, 122.1) Asthma Symptoms 

Delfino et al. (2003) East LA County, CA 1-h max 7.2 ppb (2.1) 3, 14 120% (-46, 2,038) Asthma Symp. Scores >1

Linn et al. (1996)  Los Angeles, CA 24-h avg 33 ppb (22) 1, 96 -18.2% (-47.3, 27.1) Morning Symptom 
Score 

Emergency Department Visits – All Respiratory 
Peel et al. (2005)  Atlanta, GA 1-h max 45.9 ppb (17.3) Max: 256 2.4% (0.9, 4.1) 

Tolbert et al. (2007) Atlanta, GA 1-h max  43.2 ppb (NR) 1.0-181 2% (0.5, 3.3) 

Emergency Department Visits – Asthma 
Jaffe et al. (2003)  2 cities, OH, (Clev, Cinc) 24-h avg Cinc:50 ppb (15) 

Clev:48 ppb (15) NR 6.1% (-2.0, 14.0) 

Ito et al. (2007) New York, NY 24-h avg 31.1 ppb (8.7) NR 12% (7, 16)  

New York State Department of 
Health (2006) Bronx and Manhattan, NY 24-h avg 34 ppb (NR) NR 6% (1, 10) Bronx. -3% (-18, 14) Manhattan 

Peel et al. (2005)  Atlanta, GA 1-h max  45.9 ppb (17.3) NR 2.1% (-0.4, 4.5) All Ages. 4.1% (0.8, 7.6) 2-
18 yrs 

Tolbert et al. (2000)  Atlanta, GA 1-h max 81.7 ppb (53.8) 5.4, 306 0.7% (-0.8, 2.3) 

Hospital Admissions – All Respiratory 
Burnett et al. (1997a)  16 Canadian Cities 1-h max 35.5 ppb (16.5) NR -0.3% (-2.4, 1.8) adjusted for CO, O3, SO2, 

CoH 

Yang et al. (2003)  Vancouver, BC 24-h avg 18.7 ppb (5.7) NR 19.1% (7.4, 36.3)<3 yrs. 19.1% (11.2, 36.3) 
>65 yrs 

Fung et al. (2006) Vancouver, BC 24-h avg 16.8 ppb (4.3) 7.2, 33.9 9.1% (1.5, 17.2) 

Burnett et al. (2001)  Toronto, ON 1-h max 44.1 ppb (NR) Max: 146 13.3% (5.3, 22.0) 

Luginaah et al. (2005)  Windsor, ON,  1-h max 38.9 ppb (12.3) NR 6.7% (-5.4, 20.4) female. -10.3% (-20.3, 1.1) 
male 

Hospital Admissions – Asthma 
Linn et al. (2000)  Los Angeles, CA 24-h avg 3.4 ppb (1.3) NR 2.8% ± 1.0% 

Lin et al. (2004)  Vancouver, BC 24-h avg 18.7 ppb (5.6) 4.3, 5.4 45.3% (12.7, 88.3) Boys. 23.0% (-11.7, 70.2) 
Girls 

Lin et al. (2003)  Toronto, ON 24-h avg 25.2 ppb (9.04) 3.0, 82.0 18.9% (1.8, 39.3) Boys. 17.0% (-5.4, 41.4) 
Girls 

Burnett et al. (1999)  Toronto, ON 24-h avg  25.2 ppb (9.1) NR 2.60% (0, 5) 
Note: Several U.S. and Canadian studies were excluded from Figure 5.3-1 and this table because they were either GAM-impacted (Cassino et al., 1999; Gwynn et al. 2000; 
Norris et al. 1999; Stieb et al. 2000) or did not present sufficient quantitative risk estimates (Lipsett et al., 1997; Sinclair and Tolsma 2004).  
a24-h avg effect estimates standardized to 20 ppb increment; 1-h max effect estimates standardized to 30 ppb increment.  
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